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ABSTRACT
Heat t r a n s f e r  between two im m is c ib le  l i q u i d s  in a spray  column 
was i n v e s t i g a t e d .  The l i q u i d s  were Humbletherm 500 heat  t r a n s f e r  
o i l  and w a t e r ,  w i t h  the  o i l  be ing  the d is p e rs e d  phase.  The d i r e c t i o n  
o f  heat  t r a n s f e r  was from the  o i l  to  the  w a t e r .
The rese arch  was conducted in a s p e c i a l l y  c o n s t r u c t e d  column 
which had a r e c t a n g u l a r  c r o s s - s e c t i o n  o f  4 1 /16  inches by 3 3 / 8  
inches .  Column length  was 74 inches t o t a l  and 48 inches f o r  the  
co n stan t  c r o s s - s e c t i o n  c e n t r a l  p o r t i o n  o f  the  column. The f r o n t  
and back faces  o f  the column were made o f  Pyrex g la ss  p l a t e s  to  
make i t  p o s s i b l e  to  o b t a i n  u n d i s t o r t e d  photographs of the drops.
The e f f e c t  o f  drop d ia m e te r  and phase f l o w  r a t e s  upon th e  r a t e  
o f  heat  t r a n s f e r  in the  column was d e te rm in e d .  The e f f e c t  o f  drop  
d ia m e te r  was e v a lu a te d  by us ing  t h r e e  d i f f e r e n t  drop s i z e s .  A wide  
range o f  f l o w  r a te s  was used f o r  each phase f o r  each drop s i z e .
The d a ta  from the  e x p e r im e n t a l  runs was used to  c a l c u l a t e  an 
o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t ,  a v o l u m e t r i c  heat  t r a n s f e r  c o e f ­
f i c i e n t ,  and the o v e r a l l  h e ig h t  o f  a t r a n s f e r  u n i t  f o r  each run.
Then an a t te m p t  was made to  c o r r e l a t e  each o f  these q u a n t i t i e s  in 
terms o f  the  drop d ia m e te r  and phase f lo w  r a t e s .  The most c o n s i s t e n t  
c o r r e l a t i o n  was found in terms o f  the h e i g h t  o f  a t r a n s f e r  u n i t .
The c o r r e l a t i n g  e q u a t io n  is:
where HTUo(j is the h e ig h t  o f  an o v e r a l l  t r a n s f e r  u n i t  based on the  
d is co n t in u o u s  phase,  D is the  drop d ia m e te r  in f e e t ,  and u^ and uc 
a r e  the a b s o lu t e  v e l o c i t i e s  o f  the  d is co n t in u o u s  and continuous  
phases r e s p e c t i v e l y .
The e q u a t io n  should be u se fu l  f o r  des ign  o f  columns using the  
system Humbletherm 500 and w a t e r .  A l though the e q u a t io n  g iven is 
l i m i t e d  to  t h a t  one system, the form o f  the  e q u a t io n  should be 
a p p l i c a b l e  to  many systems. The d is c o v e ry  t h a t  t h i s  type o f  e q u a t io n  
c o r r e l a t e s  the  da ta  should be v e ry  u s e f u l .  F u r t h e r  resea rch  may 
r e l a t e  the s lope  and i n t e r c e p t  o f  the  e q u a t io n  to  th e  p h y s ic a l  p ro ­
p e r t i e s  o f  the  l i q u i d s  which compr ise th e  system. In t h a t  case,  
the method could be made more g e n e r a l l y  a p p l i c a b l e .
I t  was found t h a t  the  v o l u m e t r i c  heat  t r a n s f e r  c o e f f i c i e n t  was 
r e l a t e d  to  the l i q u i d  f l o w  r a te s  and to  the column holdup.  However,  
the  c o r r e l a t i o n s  were not as c o n s i s t e n t  as t h a t  f o r  the  o v e r a l l  
h e ig h t  o f  a t r a n s f e r  u n i t .
T h e o r e t i c a l  c o n s id e r a t io n s  showed t h a t  the r e s i s t a n c e  to  heat  
t r a n s f e r  was a lmost t o t a l l y  w i t h i n  the d is co n t in u o u s  phase and t h e r e ­
f o r e  the  d isco n t in u o u s  phase heat  t r a n s f e r  c o e f f i c i e n t  was e s s e n t i a l l y  
equal to  the o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t .  The d is co n t in u o u s  
phase N u s s e l t  number was found to  be r e l a t e d  to  the  Reynolds number 
and P r a n d t l  number.
A method was dev ised  to  t e s t  w hether  the o v e r a l l  h e a t  t r a n s f e r  
c o e f f i c i e n t  was a f u n c t i o n  o f  the  t ime o f  c o n ta c t  between the  phases.  
I t  was found t h a t  the heat  t r a n s f e r  c o e f f i c i e n t  d id  not depend upon 
t  ime.
Backmixing o f  th e  phases proved t o  be a h indrance  to  the  
i n v e s t i g a t i o n  because i t  cou ld  not be taken i n t o  account  q u a n t i t a t i v e !  
and t h e r e f o r e  caused erroneous computa tion  o f  the e x p e r im e n t a l  




D i r e c t  c o n ta c t  heat t r a n s f e r  is the process o f  t r a n s p o r t i n g  
thermal  energy from one m a t e r i a l  to  a n o th e r  when the m a t e r i a l s  
a r e  p laced in i n t i m a t e  ( d i r e c t )  c o n t a c t .  I t  is d i f f e r e n t i a t e d  
from c o n v e n t io n a l  heat  t r a n s f e r  by the  f a c t  t h a t  no s o l i d  w a l l s  
s e p a ra te  the  phases. Some examples a re  g iven  in Ta b le  I .
T a b le  I
Some Examples o f  D i r e c t  Contac t  Heat T r a n s f e r  Between
Two Phases
Phases P resent  T y p ic a l  Example
G as -L iq u id  D i s t i l l a t i o n
Water C oo l in g  
G a s -S o l id  F l u i d i z e d  Beds
L i q u i d - L i q u i d  S t i r r e d  Reacto rs
L i q u i d - S o l i d  "Quench" o f  Meta l  C as t ings
From Tab le  I i t  can be seen t h a t  mass t r a n s f e r  o f t e n  occurs  
s im u l t a n e o u s ly  w i t h  heat  t r a n s f e r  when the phases a re  c o n ta c te d .  
I f  i t  is d e s i r a b l e  to  p re ve n t  mass t r a n s f e r ,  the phases must be 
chosen to  be m u t u a l l y  in s o lu b l e ,  or  as n e a r l y  so as p o s s i b l e .
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Thus, i f  i t  is d e s i r e d  to  p re v e n t  mass t r a n s f e r  in the  case o f  
1 i q u i d - I i q u i d  heat  t r a n s f e r ,  the  l i q u i d s  used should be im m is c ib le .
T a b le  I i l l u s t r a t e s  t h a t  d i r e c t  c o n ta c t  heat t r a n s f e r  is 
important  in the  f i e l d  o f  e n g in e e r in g  and a l r e a d y  has numerous 
a p p l i c a t i o n s .  However,  the f i e l d  o f  d i r e c t  c o n ta c t  heat  t r a n s f e r  
has not been e x t e n s i v e l y  s tu d ie d  and i t  is l i k e l y  t h a t  f u r t h e r  
i n v e s t i g a t i o n  w i l l  re v e a l  even more uses o f  the  te chn ique  f o r  new 
and v a l u a b l e  a p p l i c a t i o n s .  I t  is a ls o  p ro b a b le  t h a t  the  use o f  
the tec h n iq u e  has been l i m i t e d  by lack  o f  a c c u r a t e  da ta  and design  
te c h n iq u es .  F u r t h e r  study w i l l  overcome t h i s  d i f f i c u l t y  and w i l l  
make i t  c l e a r  which a p p l i c a t i o n s  a re  best s u i t e d  f o r  d i r e c t  c o n ta c t  
heat t r a n s f e r .
D i r e c t  c o n ta c t  heat  t r a n s f e r  between im m is c ib le  l i q u i d s  
stands out as a p r o f i t a b l e  f i e l d  f o r  study because i t  o f f e r s  
the  o p p o r t u n i t y  to  e l i m i n a t e  some o f  the  problems o r d i n a r i l y  en­
countered  in heat  t r a n s f e r  to  l i q u i d s .  For in s ta n c e ,  d i r e c t  c o n ta c t  
h e a t in g  p ro v id e s  a method f o r  d e a l i n g  w i t h  l i q u i d s  which tend to  
corrode  or  fo u l  heat  exchanger tu bes .  A ls o ,  th e  tec h n iq u e  should  
be v a l u a b l e  f o r  h a n d l in g  l i q u i d s  which must be r a p i d l y  cooled or  
h e ated .  Thus, i t  could  be used as a "quench" to  h a l t  chemical  
r e a c t io n s  a t  the  d e s i r e d  p o i n t .
E l i m i n a t i n g  tubes from the heat  exchanger o f f e r s  o t h e r  advan­
tages in a d d i t i o n  to  e l i m i n a t i n g  tube f o u l i n g .  I t  makes the re ­
q u i re d  equipment s im p le r  and less e x p e n s iv e .  The r e s i s t a n c e  o f  
the  tubes themselves is e l i m i n a t e d .  T h is  f a c t ,  coupled w i th  the  
l a rg e  c o n ta c t  a rea  a c h i e v a b l e  f o r  d i r e c t  c o n t a c t  heat t r a n s f e r
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make i t  p o s s ib le  to  a t t a i n  c lo s e  approach te m p e r a tu re s .  T h i s ,  
in t u r n ,  makes p o s s ib le  e f f i c i e n t  heat  r e co v e ry .
The a p p l i c a t i o n  o f  d i r e c t  c o n ta c t  heat  exchange between  
im m is c ib le  l i q u i d s  has been most o f t e n  used f o r  th e  d e s a l i n i z a t i o n  
o f  sea w a t e r .  I t s  e x t e n s i v e  use in t h i s  f i e l d  can be a t t r i b u t e d  
to  the  p r o p e n s i t y  o f  sea w a t e r  f o r  s c a l i n g  c o n v e n t io n a l  heat  
exchanger tubes and to the  f a c t  t h a t  e f f i c i e n t  heat  re covery  is 
e s s e n t i a l  i f  sea w a t e r  d e s a l i n i z a t i o n  is to  be an economical  p ro ­
cess.
For purposes o f  d i r e c t  c o n t a c t  heat  exchange, l i q u i d s  can be 
co n ta c ted  in s e v e ra l  types o f  equipment.  The types o f  c o n ta c t o r s  
i n c lu d e  spray towers ,  packed tow ers ,  p l a t e  to wers ,  m e c h a n ic a l ly  
a g i t a t e d  v e s s e ls ,  and m ix ing  n o z z l e s .  Of th e s e ,  the spray  tower  
is the s im p le s t  d e v ic e  which p ro v id e s  cont inuous  c o u n t e r c u r r e n t  
c o n t a c t .  I t  a l s o  p ro v id e s  a l a r g e  c o n ta c t  a r e a ,  v e r s a t i l i t y  and 
s i m p l i c i t y  o f  o p e r a t i o n ,  and i t  a l lo w s  a high l i q u i d  th ro u g h p u t .
I t s  low cost  and s i m p l i c i t y  o f  o p e r a t io n  have made i t  a common 
p ie c e  o f  i n d u s t r i a l  a p p a r a tu s .  For t h i s  reason,  i t  was decided  
to  use a spray type  column f o r  t h i s  i n v e s t i g a t i o n .
Severa l  i n v e s t i g a t o r s  have p r e v i o u s l y  s tu d ie d  heat t r a n s f e r  
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in spray columns. 1 ’ ’ However, most s t u d i e s  on d i r e c t  c o n ta c t
h ea t  t r a n s f e r  between im m is c ib le  l i q u i d s  have been done w i t h  
s i n g l e  drops .  A l though th ese  r e s e a rc h e rs  have made v a l u a b l e  
c o n t r i b u t i o n s ,  the  design  o f  spray  columns f o r  d i r e c t  c o n ta c t  
heat t r a n s f e r  between im m isc ib le  l i q u i d s  is s t i l l  an u n c e r t a i n  
process .  To make the  des ign  more c e r t a i n ,  a d d i t i o n a l  knowledge
k
is needed. S p e c i f i c a l l y ,  more in fo r m a t io n  is needed on the  f o l l o w i n g  
i terns:
1 . the  e f f e c t  o f  phase f lo w  r a t e s  upon the r a t e  o f  heat  
t r a n s f e r ;
2 . the  e f f e c t  o f  drop s i z e  upon the r a t e  o f  heat  t r a n s f e r ;
3 . the  e f f e c t  o f  the  p h y s ic a l  p r o p e r t i e s  o f  the  l i q u i d s  upon 
the r a t e  o f  h ea t  t r a n s f e r ;
k .  th e  e f f e c t  o f  d e v i a t i o n s  from c o u n t e r c u r r e n t  f lo w  in the  
column upon the  r a t e  o f  heat  t r a n s f e r ;
5 . the  i n f lu e n c e  o f  column end e f f e c t s  upon the r a t e  o f  heat  
t r a n s f e r .
With  these items in mind, the purpose o f  t h i s  rese arch  can now 
be s t a t e d .  The purpose is to  i n v e s t i g a t e  one system o f  im m isc ib le  
l i q u i d s ,  Humbletherm 500 heat  t r a n s f e r  o i l  and w a t e r ,  to' de te rm ine  
the r a t e  o f  heat t r a n s f e r  under v a r io u s  c o n d i t i o n s  and to  c o r r e l a t e  
the  da ta  in such a way t h a t  i t  can be used f o r  f u t u r e  design o f  
columns us ing  the  system. I terns 1 and 2 in the above l i s t  w i l l  
be s tu d ie d  in d e t a i l .  The rem ain ing  t h r e e  i tems w i l l  be cons ide re d  
and d iscuss ed .  In a d d i t i o n ,  t h i s  research  w i l l  i n v e s t i g a t e  the  
t ime dependency o f  the heat  t r a n s f e r  c o e f f i c i e n t .  The e x p e r im e n ta l  
data  ga th e red  in t h i s  resea rch  should be v a l u a b l e  f o r  check ing  
e x i s t i n g  c o r r e l a t i o n s .
2 .  T e c h n ic a l  Approach
There a re  t h r e e  ways to  c a l c u l a t e  the s i z e  o f  a spray column 
to  be used f o r  d i r e c t  c o n t a c t  heat  t r a n s f e r .  One of these is  the  
use o f  h e a t  t r a n s f e r  c o e f f i c i e n t s  as is done w i t h  c o n ve n t io n a l
heat  exchangers .  The second way is to  use v o l u m e t r i c  h ea t  t r a n s f e r  
c o e f f i c i e n t s .  L a s t l y ,  the  HTU-NTU method o f  c a l c u l a t i o n  can be 
used as is done f o r  mass t r a n s f e r .
Most o f  the re sea rch  done on s i n g l e  drops and most o f  the  
fundamental  t h e o r e t i c a l  s tu d ie s  performed on d i r e c t  c o n t a c t  heat  
t r a n s f e r  have been d i r e c t e d  toward the e v a l u a t i o n  o f  h e a t  t r a n s f e r  
c o e f f i c i e n t s ,  e i t h e r  f o r  a s i n g l e  phase or  an o v e r a l l  c o e f f i c i e n t .  
However,  ve ry  few re s e a rc h e rs  have c a l c u l a t e d  heat t r a n s f e r  
c o e f f i c i e n t s  f o r  spray  columns because o f  the d i f f i c u l t i e s  invo lved  
in e v a l u a t i n g  the  i n t e r f a c i a l  c o n ta c t  a r e a .
I t  would t h e r e f o r e  appear  v a l u a b l e  to  e v a l u a t e  the heat  
t r a n s f e r  c o e f f i c i e n t  f o r  a spray  column and compare the  r e s u l t s  
to  those  p r e d i c t e d  by th e o ry  and s i n g l e  drop s t u d i e s .  For  t h i s  
reason,  t h i s  rese arch  was c a r r i e d  out in a s p e c ia l  column b u i l t  
w i t h  f l a t  g lass  faces  in o r d e r  t h a t  u n d i s t o r t e d  photographs could  
be made o f  the  drops,  th e re b y  making c a l c u l a t i o n  o f  the  i n t e r f a c i a l  
area  and heat t r a n s f e r  c o e f f i c i e n t s  p o s s i b l e .
Most o f  the  r e s u l t s  o f  p re v io u s  research  on heat  t r a n s f e r  in 
spray  columns have been re p o r te d  as v o l u m e t r i c  heat  t r a n s f e r  
c o e f f i c i e n t s .  Th is  is because v o l u m e t r i c  heat  t r a n s f e r  c o e f f i c i e n t s  
can be determined f o r  e x p e r im e n t a l  runs w i t h o u t  knowledge o f  the  
i n t e r f a c i a l  c o n ta c t  a rea  between the phases.  The v o l u m e t r i c  heat  
t r a n s f e r  c o e f f i c i e n t  is  r e l a t e d  to  the  o v e r a l l  heat t r a n s f e r  
c o e f f i c i e n t  by the  f o l l o w i n g  e q u a t io n :
2 3where a is the i n t e r f a c i a l  a re a  per  u n i t  volume, f t  / f t  .
The HTU-NTU method has not seen e x t e n s iv e  a p p l i c a t i o n  f o r  
heat  t r a n s f e r  use.  Two r e s e a r c h e r s * ^ ’ ^* have used i t  to  re p o r t
p a r t  o f  t h e i r  r e s u l t s .  I t  is u se fu l  because i t  does not neces­
s i t a t e  knowledge o f  the i n t e r f a c i a l  c o n ta c t  a r e a .  A ls o ,  the method
is f a m i l i a r  to  chemical  e ng ineers  and is more r e a d i l y  used f o r  
he a t  t r a n s f e r  than i t  is f o r  mass t r a n s f e r  because the e q u i l i b r i u m  
l i n e  is always s t r a i g h t .  The h e ig h t  o f  a t r a n s f e r  u n i t  is r e l a t e d  
to  the  two types o f  heat t r a n s f e r  c o e f f i c i e n t s  by the f o l l o w i n g  
r e l a t  ionsh ip:
HTU . = G.C , /Ua = G.C ./U , ( 1 - 2 )od d pd d pd vol
In t h i s  research  heat  t r a n s f e r  c o e f f i c i e n t s ,  v o lu m e t r i c  
c o e f f i c i e n t s ,  and h e ig h t  o f  t r a n s f e r  u n i t s  w i l l  be e v a lu a t e d .
An a t te m p t  w i l l  be made to  c o r r e l a t e  each o f  these q u a n t i t i e s  w i t h  
phase f lo w  r a te s  and drop s i z e .  In t h i s  way,  t h i s  research  should  
d e te rm in e  which o f  these methods o f  r e p o r t i n g  heat t r a n s f e r  r e s u l t s  
g iv e  the most c o n s i s t e n t  and usable  c o r r e l a t i o n s .
CHAPTER I I 
THEORY
1. General
The r a t e  o f  heat  t r a n s f e r  f o r  a c o n v e c t iv e  heat t r a n s f e r
process is  g iven  by the  c o n v e c t iv e  heat  t r a n s f e r  e q u a t io n  based 
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on Newton‘ s Law. T h is  equ at io n  can be w r i t t e n  in s e v e ra l  forms,  
i n c 1ud i n g :
dq = U(Td- T c )dA ( 2 - 1 )
dq = hd ( V T i )dA (2“2)
dq = hc ( T . - T c )dA ( 2 - 3 )
The term U is the  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  and h .  and hd c
a r e  the i n d i v i d u a l  heat  t r a n s f e r  c o e f f i c i e n t s  f o r  the  d is co n t in u o u s  
and continuous  phase r e s p e c t i v e l y .  The r e c i p r o c a l s  o f  the terms 
a r e  r e s is t a n c e s  to  h ea t  t r a n s f e r .
For any heat  t r a n s f e r  p rocess ,  the  t o t a l  r e s i s t a n c e  to  heat  
t r a n s f e r  is equal  to  the  sum o f  the i n d i v i d u a l  r e s i s t a n c e s .  For  
d i r e c t  c o n ta c t  heat t r a n s f e r  t h i s  g iv es :
1/U  = ( l / h d) + ( l / h c ) ( 2 - 4 )
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I t  w i l l  be noted t h a t  no terms a r e  needed t o  account f o r  tube  
r e s i s t a n c e  o r  f o u l i n g  as would be the  case f o r  c o n v e n t io n a l  heat  
t r a n s f e r .
For design purposes,  i t  is d e s i r a b l e  to  be a b l e  to  p r e d i c t
the v a lu es  o f  the  heat t r a n s f e r  c o e f f i c i e n t s .  Th is  re q u i re s  a
knowledge o f  how the c o e f f i c i e n t s  a re  a f f e c t e d  by the system
v a r i a b l e s  such as the p h y s ic a l  p r o p e r t i e s  o f  the  l i q u i d s ,  l i q u i d
v e l o c i t i e s ,  and system geometry .  I t  has been found t h a t  these
q u a n t i t i e s  can be r e l a t e d  by the procedure  o f  d imensiona l  a n a l y s i s ,
25using the Buckingham Pi method o r  the R a y le ig h  method.
For the  continuous phase l i q u i d ,  the t r a n s f e r  c o e f f i c i e n t
and the  v a r i a b l e s  which i n f lu e n c e  i t  can be l i s t e d  as; h ,
c ’
Y } kc> M-j-j Pc j Cpc, p^.  These can be formed in t o  
d im en s ion less  groups,  using one o f  the  above methods. The r e s u l t
i s :
h D DVp C u Dyp a  p
—  -  f<  — , — ) ( 2 - 5 )
kc kc “ c “ d pd
This  e q u a t io n  c o n ta in s  the same groups as the f a m i l i a r  N u s s e l t
e q u a t io n  but has some groups added. The a d d i t i o n a l  groups a re
necessary  to  show the i n f lu e n c e  o f  the  o t h e r  phase l i q u i d .  The
absence o f  w a l l s  between the phases means the  b e h a v io r  o f  one
phase is in f lu e n c e d  by t h a t  o f  the o t h e r  phase,  p a r t i c u l a r l y  where
f lo w  c h a r a c t e r i s t i c s  a r e  concerned.
The f u n c t i o n a l  r e l a t i o n s h i p  between these  groups has been e v a l -
3
uated by s e v e ra l  i n v e s t i g a t o r s  f o r  v a r io u s  l i q u i d s  and c o n d i t i o n s .
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A s i n g l e ,  o v e r a l l  c o r r e l a t i o n  t h a t  would be u s e fu l  f o r  a l l  l i q u id s  
under a l l  c o n d i t io n s  is not l i k e l y  to  be found because o f  d i f f e r i n g  
p a t t e r n s  o f  drop c i r c u l a t i o n .  T h is  w i l l  be d iscussed  in f u r t h e r  
d e t a i l  l a t e r .  Some of  the  l i m i t e d  c o r r e l a t i o n s  t h a t  have been found  
w i l l  be d iscussed  in the f o l l o w i n g  s e c t i o n .
The set  o f  d im en s ion less  groups f o r  the  d is c o n t in u o u s  phase can 
be found in a manner s i m i l a r  to  t h a t  f o r  the cont inuous  phase.  
However,  due t o  th e  unsteady s t a t e  heat  t r a n s f e r  t h a t  is  o c c u r r in g  
f o r  each drop,  th e  d is c o n t in u o u s  phase c o e f f i c i e n t  may be a f u n c t io n  
o f  t im e .  T h e r e f o r e ,  t im e  must be inc luded  in the  l i s t  o f  v a r i a b l e s .  
The heat  t r a n s f e r  c o e f f i c i e n t  and i t s  i n f l u e n c i n g  v a r i a b l e s  a r e :  
h j ,  D, V, y ,  k^,  p^ ,  p j ,  0^^,  p c , pc , 8 . These can be p la ce d  i n t o  
d im en s io n le ss  groups as:
The d im en s ion le ss  group method has not been used e x t e n s i v e l y
f o r  c o r r e l a t i o n  o f  the  d is c o n t in u o u s  phase c o e f f i c i e n t .  In f a c t ,
most r e s e a rc h e rs  have not been i n c l i n e d  to  use the  h e a t  t r a n s f e r
31
c o e f f i c i e n t ,  h^.  In s te a d ,  the  t r a n s f e r  e f f i c i e n c y ,  E, is used.  
For a c o n s ta n t  te m p e ra tu re  cont inuous  phase the  e f f i c i e n c y ,  E, 
can be d e f in e d :
. V  _ * r DVpd 'pd^d " W d  “ d Pd V“ (2- 6)
E ( 2 - 7 )
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T h is  q u a n t i t y  w i l l  be f u r t h e r  d iscussed in the  s e c t i o n  on
d is c o n t in u o u s  phase heat  t r a n s f e r  c o e f f i c i e n t s .
The d im e n s io n le s s -g ro u p  method o f  c o r r e l a t i n g  heat t r a n s f e r
c o e f f i c i e n t s  is made d i f f i c u l t  by the  f a c t  t h a t  h .  and h can notd c
be d i r e c t l y  d e te rm in e d .  The o n ly  case f o r  which the  continuous  
phase heat t r a n s f e r  c o e f f i c i e n t ,  h , has been e x p e r i m e n t a l l y
C 22,31
measured is f o r  f lo w  over  s o l i d  spheres .  I f  the  drops a c t
as s o l i d  spheres ,  t h a t  is i f  they  remain i n t e r n a l l y  s ta g n a n t ,  then  
the va lues  o f  the continuous  phase heat t r a n s f e r  c o e f f i c i e n t  de­
termined  f o r  the s o l i d  spheres a r e  a p p l i c a b l e  to  the drops.  However,  
i f  the  drops c i r c u l a t e  o r  o s c i l l a t e  i t  is d i f f i c u l t  to  d i v i d e  the
measured v a lu e  o f  the o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  i n t o  in -
25d i v i d u a l  c o e f f i c i e n t s .  A method s i m i l a r  to  W i l s o n 's  method or  
to  the  Colburn and Welsh method used in mass t r a n s f e r  is needed 
so t h a t  i n d i v i d u a l  phase heat  t r a n s f e r  c o e f f i c i e n t s  can be i s o l a t e d .
Three ways o f  e v a l u a t i n g  o r  e s t i m a t i n g  i n d i v i d u a l  heat t r a n s f e r
c o e f f i c i e n t s  a re  mentioned in the  l i t e r a t u r e .  These a re ;
1. A m athem at ica l  model is proposed f o r  the  f lo w  b e h av io r  o f
the  d rop .  The model is then used to  e v a l u a t e  the  d i s c o n t i n ­
uous phase heat  t r a n s f e r  c o e f f i c i e n t ,  h 6 , 15*26
2.  I n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t s  a re  measured f o r  the
two l i q u i d s .  The heat  t r a n s f e r  c o e f f i c i e n t s  a re  then
5 32o b ta in e d  by analogy  to  mass t r a n s f e r .
3* Using a g r a p h ic a l  te c h n iq u e ,  the h e i g h t  o f  a t r a n s f e r  u n i t ,
21HTU, is o b ta in e d  f o r  each phase.  These can then be used 
t o  d e te rm in e  i n d i v i d u a l  h e a t  t r a n s f e r  c o e f f i c i e n t s .
2.  Drop C i r c u l a t i o n  and Mot ion Behavior
When the  cont inuous  phase l i q u i d  f low s  around the  d is co n t in u o u s  
phase drops,  i t  e x e r t s  a drag f o r c e  on the  s u r fa c e  o f  each drop.
T h is  f o r c e  may cause the  l i q u i d  in the drop to  c i r c u l a t e  In a 
f a s h io n  s i m i l a r  to  t h a t  s c h e m a t i c a l l y  shown in F ig u re  1.
FIGURE 1. I n t e r n a l  Drop C i r c u l a t i o n  as P o s t u la t e d  by Hadamard
T h is  type o f  c i r c u l a t i o n  has been observed in drops by s ev e ra l
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re s e a r c h e r s .  * For low Reynolds numbers th e  c i r c u l a t i o n  has
lU
been d esc r ib ed  by Hadamard and m a t h e m a t i c a l l y  d e t a i l e d  by Kron ig  
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and B r in k .  The l in e s  in F ig u re  1 show the  d i r e c t i o n  o f  f l o w  in
the drop .  The drop c i r c u l a t i o n  is assumed to  be f a s t  enough f o r
the l i n e s  to  be iso therms.  Heat t r a n s f e r  between the l i n e s  must
occur by c o n d u c t io n .
I t  is a l s o  p o s s ib le  f o r  the drop to  . a l t e r n a t e l y  e lo n g a t e  and
c o l l a p s e .  Th is  o b l a t e - p r o l a t e  b e h av io r  o f  the  drops is known as
drop o s c i l l a t i o n .  I t  has been observed and s tu d ie d  by s e v e ra l  
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r e s e a r c h e r s .  ’ * The b e h av io r  is s c h e m a t i c a l l y  i l l u s t r a t e d  in
F ig u re  2.
P r o l a t e  DropO b la te  Drop
FIGURE 2.  Schematic  I l l u s t r a t i o n  o f  Drop O s c i l l a t i o n
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A f u r t h e r  p o s s i b i l i t y  f o r  drop b e h av io r  is  f o r  t u r b u le n c e  to  
e x i s t  in the  drops.  For the  Reynolds numbers expected  in a spray  
column, t h i s  is more l i k e l y  than the smooth, lam inar  s t r e a m l in e s  
o f  the  Hadamard model p r e v i o u s l y  d e s c r ib e d .  The t u r b u l e n t  eddies  
would a c c e l e r a t e  the  energy  t r a n s p o r t  in the  drop s in c e  the  mechanism 
would be c o n v e c t iv e  in the d i r e c t i o n  o f  heat  t r a n s f e r  in a d d i t i o n  to  
pure c o n d u c t io n .  Hand 1 os and Baron^  have proposed a drop model 
based on t u r b u l e n t  edd ies  be ing  superimposed upon a c i r c u l a t i n g  
drop .  T h is  b e h a v io r  is s c h e m a t i c a l l y  i l l u s t r a t e d  in F ig u re  3*
FIGURE 3.  Schematic  I l l u s t r a t i o n  o f  the Handlos and Baron 
Drop Model Showing T urbu lence  Superimposed Upon 
I n t e r n a l  C i r c u l a t i o n
\h
Two more p o s s i b i l i t i e s  occur  f o r  drop b e h a v io r  w i t h  re g ard  to  
c i r c u l a t i o n .  The f i r s t  p o s s i b i l i t y  is f o r  th e  drop to  be s ta g n a n t
a
and a c t  as a s o l i d  s p h e re .  Th is  is most l i k e l y  when the  drop  
m a t e r i a l  is v is c o u s  and the  c o n t in u o u s  phase l i q u i d  is n o t .  The 
second p o s s i b i l i t y  is t h a t  so much t u r b u l e n c e  is p r e s e n t  in the  
drop t h a t  i t  can be c o n s id e re d  c o m p le t e ly  m ixed .
As would be e x p e c te d ,  the  degree  o f  c i r c u l a t i o n  in the  drop  
depends upon th e  v e l o c i t y  o f  the  drop through th e  c o n t in u o u s  phase.
Exper im en ts  show t h a t  c i r c u l a t i o n  begins  above a c e r t a i n  Reynolds
7 8 9
number f o r  th e  d ro p .  * Garner  and S k e l l a n d  have deve loped  an
e q u a t io n  f o r  p r e d i c t i n g  the c r i t i c a l  Reynolds number a t  which
c i r c u l a t i o n  w i l l  b e g in .
A ls o ,  the  e x t e n t  o f  c i r c u l a t i o n  in drops is i n f l u e n c e d  by the
presence o f  s u r f a c e  a c t i v e  a g e n t s . ^>13 j ^ e s e  a g en ts  d e c re a s e  the
i n t e r f a c i a l  t e n s io n  between the  drop and th e  c o nt inuous  phase and
r e s u l t  in a d e crease  o f  c i r c u l a t i o n .  The presence  o f  s u r f a c e  a c t i v e
a gents  is t h e r e f o r e  u n d e s i r a b l e  s in c e  drop c i r c u l a t i o n  is reduced
and the h e a t  t r a n s f e r  c o e f f i c i e n t  is  lowered .
E x p e r im e n ta l  work has a l s o  shown t h a t  th e  drop s i z e  has an
31i n f l u e n c e  upon the  drop c i r c u l a t i o n .  Sideman c l a s s i f i e s  drops
i n t o  two c a t e g o r i e s ,  ' ’ s m a l l ’ ' (be low 1-3  mm d i a m e t e r )  and " l a r g e "
( 2 - 7  mm d i a m e t e r ) .  (n accordance  w i t h  t h i s  c l a s s i f i c a t i o n ,  s e v e r a l  
3 35i n v e s t i g a t o r s  have shown t h a t  the  smal l  drops a p p a r e n t l y  a c t
as s o l i d  spheres  and have low h ea t  t r a n s f e r  c o e f f i c i e n t s .  L a rg e r
drops e x h i b i t e d  l a r g e r  h e a t  t r a n s f e r  c o e f f i c i e n t s  and th e  in c re a s e
3
was a t t r i b u t e d  to  in c re a se d  drop c i r c u l a t i o n .  C a ld erb an k  suggested
s e p a r a t e  c o r r e l a t i o n s  f o r  th e  co n t in u o u s  phase h e a t  t r a n s f e r  c o e f ­
f i c i e n t  f o r  the  two c a t e g o r i e s  o f  d ro p s .  For smal l  drops he 
s u g g e s te d :
h D D gAp ,
(— ) = 2 + 0 .3 1  (---------- ) / 3  ( 2 - 8 )
k u, ac **c c
and f o r  l a rg e  drops:
h 0 ApgD p . k'-C lys
(— ) -  0 M  5— - )  (—̂ - ^ )  ( 2- 9 )
k p, kc r c c
3 .  P r e d i c t i o n  o f  Cont inuous Phase Heat T r a n s f e r  C o e f f i c i e n t s
The cont inuous  phase heat  t r a n s f e r  c o e f f i c i e n t  depends upon 
the  b e h a v io r  o f  the  d ro p .  I f  th e  drop c i r c u l a t e s ,  shear  a t  the drop  
i n t e r f a c e  is decreased and the  c o n t inuous  phase c o e f f i c i e n t  w i l l  
be h ig h e r  than f o r  the  case where th e  drop a c t s  as a s o l i d  sp h ere .  
T h is  means t h a t  a d i f f e r e n t  c o r r e l a t i o n  o f  the h e a t  t r a n s f e r  c o e f ­
f i c i e n t  is needed f o r  each type o f  drop c i r c u l a t i o n .  Some o f  th ese
c o r r e l a t i o n s  a r e  g iv e n  below.
22Kramers has proposed the  f o l l o w i n g  c o r r e l a t i o n  f o r  th e  heat  
t r a n s f e r  c o e f f i c i e n t  o f  a l i q u i d  f l o w i n g  ones a s o l i d  sphere:
0 .1 5  0 .3 1  0 .5
Nu = 2 . 0  + 1 .3  Pr + 0 . 6 6  Pr Re ( 2 - 1 0 )c c c c
T h is  e q u a t io n  should  g iv e  the  minimum v a l u e  f o r  th e  c o n t inuous  
phase h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  any type o f  drop c i r c u l a t i o n .
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I f  th e  drop c i r c u l a t e d  in s te a d  o f  a c t i n g  as a s o l i d  sphere  the  
s l i p  a t  th e  i n t e r f a c e  would  i n c r e a s e  th e  c o n t in u o u s  phase h e a t  
t r a n s f e r  c o e f f i c i e n t .  Hence,  t h i s  e q u a t i o n  g iv e s  th e  minimum v a l u e  
o f  th e  c o e f f i c i e n t  f o r  any ty p e  o f  c i r c u l a t i o n .
th e  h e a t  t r a n s f e r  c o e f f i c i e n t  is  t h a t  f o r  th e  fo rw a rd  s t a g n a t i o n  
p o i n t  o f  th e  d r o p ,  th e  v e r y  f r o n t  o f  th e  drop  where th e  c o n t in u o u s  
phase-«ve loc i t y  is z e r o .  They show t h e  v a l u e  to  g iv e n  by th e  e q u a t i o n :
T h i s  e q u a t i o n  should  g i v e  th e  maximum v a l u e  o f  the  c o n t in u o u s  phase  
h e a t  t r a n s f e r  c o e f f i c i e n t  r e g a r d l e s s  o f  th e  ty p e  o f  c i r c u l a t i o n  t h a t  
the  drop is e x p e r i e n c i n g .  Thus,  E q u a t io n s  ( 2 - 1 0 )  and ( 2 - 1 1 )  g iv e  
th e  range  o f  v a l u e s  t h e o r e t i c a l l y  p o s s i b l e  f o r  the  c o n t in u o u s  phase  
c o e f f  i c i e n t .
F o r  a c i r c u l a t i n g  drop which  obeys th e  Hadamard drop model 
p r e v i o u s l y  d e s c r i b e d ,  th e  e q u a t i o n  f o r  th e  c o n t in u o u s  phase h ea t
Q
t r a n s f e r  c o e f f i c i e n t  is  g iv e n  by E 1z in g a  and Banchero as:
An a l t e r n a t e  r e l a t i o n s h i p  f o r  t h i s  ty p e  o f  c i r c u l a t i n g  drop has
2k
been g i v e n  by L e v ic h  as:
9
E l z i n g a  and Banchero have proposed t h a t  th e  maximum v a l u e  o f
( 2 - H )
Nuc = 5 . 5 2 [ (2 - 12)
( 2 - 1 3 )
Handlos and Baron'"* have proposed t h a t  f o r  t h e i r  drop model,  
eddy d i f f u s i o n  superimposed on drop c i r c u l a t i o n ,  the continuous  
phase c o e f f i c i e n t  is  g iven  by the  e q u a t io n :
Nuc - 1 . 3 / P e c (2 -1 4 )
4 .  P r e d i c t i o n  o f  D iscont inuous  Phase Heat T r a n s f e r  C o e f f i c i e n t s
The d is c o n t in u o u s  phase heat  t r a n s f e r  c o e f f i c i e n t  is more
co m pl ica ted  to  c a l c u l a t e  and c o r r e l a t e  than the  continuous phase
c o e f f i c i e n t .  F i r s t ,  the  d is co n t in u o u s  phase c o e f f i c i e n t  depends
to  a v e r y  s t rong  degree  upon the amount o f  i n t e r n a l  c i r c u l a t i o n  in
the  d rop .  A ls o ,  f o r  many o f  the p o s s ib le  modes o f  c i r c u l a t i o n  t h i s
c o e f f i c i e n t  depends upon the length  o f  t ime t h a t  the  drop has been
in c o n ta c t  w i t h  the continuous  phase.
The t ime dependency o f  the d isc o n t in u o u s  phase c o e f f i c i e n t  can
be q u a l i t a t i v e l y  d e sc r ib e d  as f o l l o w s .  Cons ider  a s tagnant  drop
o f  i n i t i a l  c o n s tan t  te m p e ra tu re ,  TdQ, be ing  in t roduc ed  in t o  a
16 37spray  column. By the two f i l m  th e o r y ,  * the  heat  t r a n s f e r  
c o e f f i c i e n t  can be cons idered  to  be the  thermal  c o n d u c t i v i t y  o f  the  
m a t e r i a l  d iv id e d  by the f i l m  th ic k n es s :
k .
hd = —  (2 -1 5 )
x
Since  the  drop is i n i t i a l l y  a t  co n stan t  t e m p e ra tu re ,  th e  f i l m  
t h ic k n e s s ,  x ,  is z e r o  a t  z e ro  t ime and the d is co n t in u o u s  phase 
heat  t r a n s f e r  c o e f f i c i e n t  Is i n i t i a l l y  i n f i n i t e .  However,  a f t e r
18
a t ime p e r io d ,  0,  t h e r e  is a te m p e ra tu re  g r a d i e n t  in the  drop w i t h  
the average  te m p e ra tu re  o f  the drop be ing  some d i s t a n c e ,  x ,  in 
from the drop s u r fa c e  as shown in F ig u r e  4 .
Location of Average 
Drop Temperature,
T
FIGURE k.  E f fe c t iv e  Film Thickness for  Stagnant Drop
By e q u a t io n  ( 2 - 1 5 )  the heat t r a n s f e r  c o e f f i c i e n t  is then equal  to  
k / x .  W i th  pass ing  t im e ,  the average  te m p e ra tu re  o f  the  drop recedes  
toward the drop c e n t e r  so x inc re ase s  w i t h  t im e .  T h is  means the  
heat t r a n s f e r  c o e f f i c i e n t  f o r  the drop, h^,  decreases w i t h  pass ing  
t  ime.
As p r e v i o u s l y  mentioned,  the  heat  t r a n s f e r  c o e f f i c i e n t  has not  
been e v a l u a t e d  f o r  the  d is c o n t in u o u s  phase in most p re v io u s  r e se a rch .  
In s te a d ,  th e  e f f i c i e n c y  o f  h e a t  t r a n s f e r  is used^'  as d e f in e d  in 
e q u a t io n  ( 2 - 7 ) -  The e f f i c i e n c y  is sometimes c a l l e d  the  f r a c t i o n a l  
approach t o  e q u i l i b r i u m .  Whatever i t  is  c a l l e d ,  the  term r e s u l t s  
as a n a t u r a l  consequence of  s o l v i n g  the  d i f f e r e n t i a l  e q u a t io n s  which  
d e s c r ib e  heat  t r a n s f e r  in the drop .  To i l l u s t r a t e  t h i s ,  one case  
w i l l  be t r e a t e d  in d e t a i l .  T h is  w i l l  be the  case o f  the s tagnant  
drop.
The d i f f e r e n t i a l  e q u a t io n  which d e s c r ib e s  heat  t r a n s f e r  in 
a s ta g n an t  drop can be o b ta in e d  by v i s u a l i z i n g  a h o l lo w  s p h e r ic a l  
element o f  th ic k n e s s  dr in s id e  the  sphere  as shown in F ig u r e  5-
d r
FIGURE 5* I l l u s t r a t i o n  o f  S tagnant  Drop Showing the H o l low -  
Sphere Element Used f o r  the  D e r i v a t i o n  o f  the  
D i f f e r e n t i a l  Equat ion  f o r  Unsteady S t a t e  Heat  
T r a n s f e r  from a Sphere
20
A h e a t  ba lance  f o r  the e lement in the  F ig u re  can be w r i t t e n :
Rate o f  Rate  o f  Rate  o f
Heat in Heat out Accumula tion
Since  the heat  t r a n s f e r  is due to  conduct ion  a lo n e  F o u r i e r ' s  Law 
is used to  d e s c r ib e  the  r a t e  o f  heat  t r a n s f e r ;
dT a i  a aT a
- k A  { -kA —  + —  ( -kA — ) d r )  = —  (MC .T . )  ( 2 - 1 6 )
a r  a r  a r  a r  a© p
s i m p l i f y i n g  and s u b s t i t u t i n g  f o r  the mass of the  e lement and area  
terms:
2 2
a r aT a Trr
_ ( k _  d r ) = _ (  p c T d r )  ( 2 - 1 7 )
a r  u a r  a© *+ p
c a n c e l l i n g  the  dr  term and t a k in g  the  d e r i v a t i v e s  as shown: 
u  BTd A . 2 9 Td 2 r  dTd2kr  ------  + kr  — j -  = r p C ------  ( 2 - 1 8 )
a r  a r  p a©
which can be s i m p l i f i e d  to:
2 3 2Tj 1 3T .
( 2 - 1 9 )
r a r  a r  a  a©
where a  is  the  thermal d i f f u s i v i t y  o f  the drop m a t e r i a l ,  k j ^ p d P d *  
Equat ion  ( 2 - 1 9 )  can be solved when the boundary c o n d i t i o n s  a re  
e s t a b l i s h e d .  For the s im p le  case o f  an iso thermal  sphere a t  tempera­
t u r e  be ing plunged i n t o  an iso therm al  medium o f  te m p e ra tu re  Tc
21
the boundary c o n d i t io n s  a re :
a t  0 = 0, Td = Tdo ( 2 - 2 0 )
9Td hc
a t  r  = R, —  = -  —  (Td- T c ) ( 2 -2 1 )
9 r  kd
where hc is the continuous phase heat  t r a n s f e r  c o e f f i c i e n t .
20
Jakob g ives  the  s o l u t i o n  f o r  these boundary c o n d i t i o n s .
q
However, the  most c onve n ie n t  s o l u t i o n  is g iven  by E l z in g a  and Banchero . '  
T h e i r  s o l u t i o n  is:
T . - T  »  -i|f O0/R2
1 -  E = -------- —  = 6 Z ,  C e ( 2 - 2 2 )
THn-T n=1 "do c
where: E = e f f i c i e n c y  o f  heat  t r a n s f e r ,  Equation  ( 2 - 7 )
Td = average  drop te m p era tu re  a t  t ime 0 
Tc = cont inuous  phase te m p era tu re  
Cn = c o e f f i c i e n t  dependent upon n 
\|rn = e ig e n v a lu e  dependent upon n 
a  = thermal d i f f u s i v i t y  o f  drop m a t e r i a l  
0 = t ime o f  c o n ta c t  
R = drop rad iu s
n = i n t e g e r  v a l u e s ,  1, 2, 3 > e t c .
9
E lz in g a  and Banchero have so lved f o r  the e ig e n v a lu e s  and c o e f f i c i e n t s .  
These a r e  g iv en  as a f u n c t i o n  o f  the  cont inuous phase heat  t r a n s f e r  
c o e f f i c i e n t  in T a b le  I I .
T a b le  I t
Coeff ic ien ts  and Eigenvalues fo r  Stagnant Drops
h Dc
kd
+1 *2 *3 ♦4 C 1 C2
4 2 .0 2 9 4 .9 1 3 7 .9 7 9 11.086 0 .1 5 9 0 .0 0 6 3 4
10 2 .5 7 0 5 .3 5 4 8 .3 0 3 11.335 0. 142 0 .0 1 7 9
22 2 .8 6 3 5.761 8 .7 0 8 11.703 0 .  125 0 .0 2 55
102
00
3 .0 8 0  
3 .1 4 2
0 .1 0 7  
0 .101
0 .0 0 4 0 8
0.00858
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I f  the  continuous phase heat t r a n s f e r  c o e f f i c i e n t ,  hc , is i n f i n i t e  
the  boundary c o n d i t io n  g iven  as Equation (2 - 2 1 )  becomes:
ST
a t  r = R, —  = -  ® (2 -2 3 )
Sr
28and the  s o lu t io n  is s im p le r .  I t  is g iven  by Newman as:
T j - T .  6 ® 1 2 2 . , . 2
-  _  d  d o  _  , „  1 - n  t t  a9/R / „  „ , . x
E  —  2 n-1 2 (2 - 2Zt)
V Tdo
Equations  (2 -2 2 )  and (2 -2 4 )  i l l u s t r a t e  t h a t  the e f f i c i e n c y  o f
t r a n s f e r ,  E, r e s u l t s  n a t u r a l l y  from s o lv in g  the d i f f e r e n t i a l  equat ion
f o r  drop heat t r a n s f e r .  A s i m i l a r  s o lu t io n  r e s u l t s  from s o lv in g  the
equat ions  f o r  the Hadamard c i r c u l a t i n g  drop model.
For some s imple s i t u a t i o n s  the e f f i c i e n c y  can be r e l a t e d  to the
drop heat  t r a n s f e r  c o e f f i c i e n t .  For s tagnant  drops ,  Coughlin  and 
5
Von Berg r e p o r t  t h a t  the two a re  r e l a t e d  by the equat ion :
m 2 2 , 2
2 k .  L ,  e” n n ° * /R
h =  B d ------------------------  (2 -2 5 )
d R ( l - E )
T h is  e quat ion  is f o r  the  s p ec ia l  case o f  a constan t  temperature
continuous  phase which presents  no r e s is t a n c e  to heat  t r a n s f e r .  I t
is t h e r e f o r e  o f  no re a l  va lu e  f o r  heat  t r a n s f e r  in a spray column but
i t  does i l l u s t r a t e  one impor tant  p o i n t .  That is the f a c t  th a t  f o r
s tagnant drops the heat t r a n s f e r  c o e f f i c i e n t  is a f u n c t io n  o f  t ime.
I t  should be noted t h a t  the l i m i t i n g  v a lu e  o f  the N usse l t  number f o r
27
the s tagnant drop is 6 .5 :
2k
hdD
 ̂ ^ L i m i t i n g ,  S o l i d  Sphere ( 2 - 2 6 )
d
As a l r e a d y  mentioned,  s o l u t i o n s  s i m i l a r  to  those f o r  the  s tagnant  
drop can be o b ta in e d  f o r  o t h e r  types o f  drop c i r c u l a t i o n .  The
Hadamard c i r c u l a t i n g  drop model has a heat  t r a n s f e r  c o e f f i c i e n t  g iven
5by the e q u a t io n :
2 2 2 
«  ■ n t t  o f  0 /R
k . 5  k ,  Z . e
hd  i - n i ------------------------- ( 2 - 2 7 )
R ( l - E )
T h is  e q u a t io n  is  f o r  the  s p e c ia l  case o f  an iso therm al  continuous  
phase w i t h  no r e s i s t a n c e  to  heat  t r a n s f e r .  When the e q u a t io n  is 
compared to  Equat ion  ( 2 - 2 5 ) ,  i t  can be seen t h a t  the two eq u at io n s  
a r e  the same except  ( 2 - 2 7 )  is 2 .2 5  t imes l a r g e r .  Thus, the c i r c u l a t i o n  
has the  e f f e c t  o f  i n c r e a s in g  th e  thermal  d i f f u s i v i t y  by a f a c t o r  o f  
2 . 2 5 .
27The l i m i t i n g  N u s s e l t  number f o r  the  Hadamard drop is:  
hdD
^Limit ing C irc u la t in g  Drop ( 2 - 2 8 )
kd
I f  t h e r e  is t u r b u le n c e  in th e  drop ,  th e  presence o f  th e  eddies  
increases  the minimum N u s s e l t  number. For the  Handlos and Baron 
drop model p r e v i o u s l y  d e s c r ib e d ,  the l i m i t i n g  N u s s e l t  number cannot  
be a n a l y t i c a l l y  d e r iv e d .  I t  is  g r e a t e r  than 17*6:
25
k L i m i t i n g ,  Drop w i t h  Turbu lence  
d and C i r c u l a t i o n
»  17-6 (2 - 2 9 )
For the Handlos and Baron model,  the tu r b u le n c e  e l i m i n a t e s  the  
dependency o f  the heat  t r a n s f e r  c o e f f i c i e n t  upon t im e .  The heat
I t  is p o s s ib le  to  p o s t u l a t e  o t h e r  drop models f o r  which the  heat  
t r a n s f e r  c o e f f i c i e n t  does not depend upon t im e .  For  in s ta n c e ,  th e r e  
is the  c o m p le te ly  mixed drop whose heat  t r a n s f e r  c o e f f i c i e n t  is always  
i n f i n i t e .  Another  model could  be made o f  an o s c i l l a t i n g  drop such 
as t h a t  shown in F ig u r e  2 .  I f  i t  is assumed t h a t  the new s u r fa ce  
being formed by the o s c i l l a t i o n s  has a re s id e n c e  t im e ,  t ,  the res idence
| Q
t im e  could be used in c o n ju n c t io n  w i t h  the H ig b ie  p e n e t r a t i o n  th e o ry  
to  c a l c u l a t e  a heat t r a n s f e r  c o e f f i c i e n t .  Th is  c o e f f i c i e n t  would 
a l s o  be independent o f  t im e .
From the  above i t  can be seen t h a t  t h e r e  a r e  rem arkab ly  few 
c o r r e l a t i o n s  g iven  in the  l i t e r a t u r e  f o r  the  d r o p - s id e  heat t r a n s f e r  
c o e f f i c i e n t .  T h is  is due to  the  c o m p le x i ty  o f  the  f a c t o r s  a f f e c t i n g  
the  c o e f f i c i e n t ,  because o f  i t s  t im e  dependency and a l s o  because o f  
the  d i f f i c u l t y  o f  making an e x p e r im e n ta l  d e t e r m in a t i o n  o f  tl*e drop -  
s id e  c o e f f i c i e n t .
t r a n s f e r  c o e f f i c i e n t  is g iven  by the e q u a t i o n : * ^
0 .0 0 3 7 5
hd ( 2 - 3 0 )
1 + nd/|Xc
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5.  M a them at ica l  Model o f  Column w i t h  C o n s e n t  Heat T r a n s f e r  C o e f f i c i e n t  
In the  p re v io u s  s e c t io n  i t  has been shown t h a t  the  d is co n t in u o u s  
phase heat  t r a n s f e r  c o e f f i c i e n t  v a r i e s  w i t h  t ime under c e r t a i n  c o n d i ­
t i o n s .  I f  i t  does,  the  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  a ls o  v a r i e s  
w i t h  t im e .  I t  is important  to  d e te rm in e  whether  the  t r a n s f e r  c o e f ­
f i c i e n t s  a re  t ime dependent .  T h is  can be done by s e t t i n g  up a model 
in which i t  is assumed t h a t  the  c o e f f i c i e n t  is  co n s tan t  and comparing  
the  e x p e r im e n ta l  r e s u l t s  w i t h  the  model.  The data  w i l l  match the  
model i f  the  assumption is t r u e .
The model can be developed as fo l lows. F i r s t ,  an equation is 
w r i t te n  to describe the ra te  of heat t ransfer  from a s ingle  drop:
-  - (MCpdTd> *  UA<T d - Tc> <2- 3 »
d9 K
subst i tu t ing  fo r  the mass of the drop and the area: 
d
-  T < !  " " V p d V  *  ^ 2 (T d - T c ) (2 -3 2 )
d0 v
This equation can be integrated once an expression is obtained for  
Tc in terms of T^. This re la t ionsh ip  can be obtained by w r i t in g  a 
heat balance around the bottom portion of the column:
WdCpd<Td. - V  -  WcCpc(Tc - T=> <2‘ 33)K in r  out
r e a r r a n g in g :
W.C , W.C .
T = -  - 4 - ^  T .  + T .+ T  (2 -3 *0
W C in W C outc pc c pc
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de ( 2 - 3 5 )
out
When t h i s  is i n t e g r a t e d  and re ar ra nged  the f o l l o w i n g  equ at io n  is 
obta ined:
E quat ion  ( 2 - 3 6 )  p r e d i c t s  t h a t  i f  the  lo g a r i t h m  o f  the  te m p e ra tu re  
d i f f e r e n c e  a t  any p o in t  in the  column is p l o t t e d  a g a i n s t  the  t ime t h a t  
the  drops have been in the column, a s t r a i g h t  l i n e  w i l l  r e s u l t .  I f  
the  l i n e  is s t r a i g h t ,  i t  i n d i c a t e s  t h a t  the o v e r a l l  c o e f f i c i e n t  U 
is  c o n s ta n t  as was assumed.
6 .  The A p p l i c a t i o n  o f  the  HTU-NTU Method to  Heat T r a n s f e r
The HTU-NTU method o f  c a l c u l a t i o n  has proven u s e fu l  f o r  the  
design o f  columns f o r  mass t r a n s f e r .  The method should be s i m i l a r l y  
usefu l  f o r  d i r e c t  c o n ta c t  heat t r a n s f e r  in a spray  column. Equat ion
d . c in out c pc d
( 2 - 3 6 )
where a  is the  thermal  d i f f u s i v i t y  f o r  the  drop l i q u i d ,  k , / C
28
(2-1)  can be w r i t te n :
d(GdSCpdTd) = U < V Tc>aSdZ (2-37)
This equation can be rearranged and integrated to obtain:
GjC . dT .
Z -  - A M  j  — L  ( 2 . 38)
Ua Td- T c
-  HTUod • NTUod (2-39)
The HTU-NTU method is easier  to apply to heat t ran s fe r  than to
mass trans fe r  because the operating l ine  and the equ i l ib r ium  l ine  are 
s t ra ig h t .  This can be seen from Figure 6.
In Figure 6, the abscissa is the continuous phase temperature and 
the ordinate is the discontinuous phase temperature. Equil ibr ium for  
heat t ran s fe r  is reached when the phases are at  the same temperature 
so the equi l ib r ium  line is simply a 45° l ine  on the p lo t .  The operating  
l ine  is obtained by a heat balance which has previously been accom­
pl ished and is given as Equation (2-33):
Wj C ,(T , - T . )  = W C (T -T ) (2-33)d pd d. d c pc' c  ̂ c 'r in r out
This can be arranged to a more convenient form:
W C W C
T < *  T -  P-  T +T . (2-UO)
WdCpd WdCpd 0ut In
For the case of heat t ran s fe r  from the discontinuous phase to 
the continuous phase, the operating l in e  wi l l  l i e  above the equi l ib r ium
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FIGURE 6 .  O p e ra t in g  L ine  and E q u i l i b r i u m  L ine  f o r  Spray  Column 
Heat T r a n s f e r
I t  should be noted t h a t  th e  above d e r i v a t i o n s  i m p l i c i t l y  assumed 
t h a t  t h e r e  were no heat losses from the  column. Heat losses would 
cause a curved o p e r a t in g  l i n e .  A ls o ,  as w i l l  be shown in the  next  
s e c t i o n ,  the  heat  ba lance  o f  Equat ion  ( 2 - 3 3 )  i m p l i c i t l y  assumes t r u e  
c o u n t e r c u r r e n t  f l o w .
Since both the  o p e r a t in g  l i n e  and the  e q u i l i b r i u m  l i n e  a re  s t r a i g h t ,  
the e v a l u a t i o n  o f  the  number o f  t r a n s f e r  u n i t s  is  s im p le .  The number 
o f  o v e r a l l  t r a n s f e r  u n i t s  based on the d is co n t in u o u s  phase is s im ply :
f o r  c o u n t e r c u r r e n t  heat  t r a n s f e r .
The e q u a t io n s  f o r  i n d i v i d u a l  phase NTU's and HTU' s can be developed  
in a s i m i l a r  way. For the d is c o n t in u o u s  phase:
T . - T
where A T ^  is the  log-mean te m p e ra tu re  d i f f e r e n c e  c u s t o m a r i l y  e v a lu a te d
d <GdSCpdT d> -  hd (T d- T , ) a S d Zd d i ( 2 - 4 2 )
which can be re ar ra nged  and i n t e g r a t e d  to  o b t a in :
( 2 - 4 3 )
Z -  HTUd • NTUd ( 2 - 4 4 )
S i m i l a r l y ,  f o r  the  cont inuous  phase:
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The o v e r a l l  h e ig h t  o f  a t r a n s f e r  u n i t  is r e l a t e d  to the  i n d i ­
v id u a l  phase HTU's by the  e q u a t io n :
G C
HTU . = HTU . + d Ed HTU (2 -U 6 )
04 d c c
c pc
Th is  e q u a t io n  can be o b ta in e d  by s u b s t i t u t i n g  f o r  the r e s is t a n c e s
in Equat ion  ( 2 - 4 ) .  I t  suggests  t h a t  a r e l a t i o n s h i p  e x i s t s  between
the o v e r a l l  h e ig h t  o f  the  t r a n s f e r  u n i t ,  ^ T U ^ ,  an£l the  r a t ' °  o f  the
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mass v e l o c i t i e s  G , /G  . P e r r y ' s  Handbook suggests c o r r e l a t i n g  the0 o
h e ig h t  o f  the mass t r a n s f e r  u n i t  a g a i n s t  the s u p e r f i c i a l  v e l o c i t y
r a t i o .  I t  notes  t h a t  t h i s  method o f  c o r r e l a t i o n  u s u a l l y  y i e l d s
s t r a i g h t  l i n e  graphs.
I t  appears from Equation ( 2 - 4 6 )  t h a t  i f  a p l o t  is made o f  the
o v e r a l l  h e ig h t  o f  a t r a n s f e r  u n i t ,  HTUo(J, versus the r a t i o  o f  the
mass v e l o c i t i e s ,  G j /G c , a s t r a i g h t  l i n e  should r e s u l t  on a r i t h m e t i c
graph p aper .  F u r th e rm o re ,  the s lope  o f  t h i s  l i n e  should be the h e ig h t
o f  the cont inuous  phase t r a n s f e r  u n i t  m u l t i p l i e d  by the  heat  capaci  ty
r a t i o  and the  i n t e r c e p t  should be the  h e ig h t  o f  the d is c o n t in u o u s
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phase t r a n s f e r  u n i t .  Johnson, _et a_U have used t h i s  techn ique  to  
e v a l u a t e  the h e ig h t  o f  the i n d i v i d u a l  phase t r a n s f e r  u n i t s .  However,
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T re yb a l  warns a g a i n s t  the  use o f  t h i s  p r a c t i c e ,  n o t in g  t h a t  in some 
cases a n e g a t i v e  i n t e r c e p t  is o b t a i n e d ,  which has no meaning in terms 
o f  HTU's.  I f  the  method r e a l l y  works,  i t  would p ro v id e  a ro u te  to  
e v a l u a t i n g  i n d i v i d u a l  phase heat  t r a n s f e r  c o e f f i c i e n t s  and would be 
v ery  v a l u a b l e .
7- Backmixing and D e v ia t io n s  from C o u n t e r c u r r e n t  Flow
In the p re v io u s  s e c t i o n s ,  p lug  f lo w  o f  each o f  the  phases has 
been i m p l i c i t l y  assumed. However, in any a c t u a l  spray column back-  
m ix in g  o f  the  phases occurs  to  some e x t e n t .  Such d e v i a t i o n  from  
c o u n t e r c u r r e n t  f lo w  is u n d e s i r a b le  because i t  lowers the tem pe ra tu re  
d r i v i n g  f o r c e  f o r  heat t r a n s f e r  and t h e r e f o r e  increases  the h e ig h t  o f  
the  column needed f o r  a p a r t i c u l a r  amount o f  heat  t r a n s f e r .  A ls o ,  
d e v i a t i o n s  from c o u n t e r c u r r e n t  f lo w  in f l u e n c e  the te m p e ra tu re  p r o f i l e s  
f o r  the phases,  as w i l l  be shown v e r y  s h o r t l y .  T h e r e f o r e ,  these  
phenomena should be taken i n t o  account in any study o f  heat  t r a n s f e r  
in a spray  column.
To i l l u s t r a t e  the  i n f lu e n c e  o f  backmixing on the tem peratu re  
p r o f i l e s  o f  the  phases two examples o f  column b e h a v io r  w i l l  be g iv e n .  
The f i r s t  example w i l l  be a column w i t h  t r u e  c o u n t e r c u r r e n t  f lo w  so 
t h a t  the assumptions which have been i m p l i c i t  in the p re v io u s  s e c t io n  
can be made e x p l i c i t .  The second example w i l l  be f o r  one phase being  
w e l l  mixed.  T h is  w i l l  se rv e  to  show one o f  the  extremes o f  column 
b e h a v io r .  The a c t u a l  column beh av io r  p ro b a b ly  f a l l s  somewhere between 
the extremes o f  th ese  two examples.
The f i r s t  example is f o r  c o u n t e r c u r r e n t  f lo w  beh av io r  in the  
column. The heat  b a lance  f o r  a p o r t i o n  o f  th e  column is o b ta in e d  
by means o f  F ig u r e  7*
W r i t i n g  an energy ba lance  around the  a rea  shown in d o t t e d  l i n e s  





FIGURE 7* Schematic  I l l u s t r a t i o n  o f  Spray Column w i t h  True  
C o u n t e r c u r r e n t  Flow
As a l s o  shown p r e v i o u s l y ,  t h i s  can be so lved  f o r  T^:
3k
W C W C
T . = T -  - £ - E £  T + T .
W.C . C W.C ° o u t  ind pd d pc
T h is  e q u a t io n  r e l a t e s  to  Tc and shows t h a t  the  te m p e ra tu re  p r o f i l e s  
a re  coupled t o g e t h e r .  Thus f o r  c o u n t e r c u r r e n t  f lo w  in the  column,  
the tem pe ra tu re  p r o f i l e s  would have s i m i l a r  shapes as d i c t a t e d  by 
Equat ion  ( 2 - ^ 0 )  above.  A t y p i c a l  s e t  o f  p r o f i l e s  to  be expected  a re  










Column Length,  Z
FIGURE 8 .  Temperature  P r o f i l e s  f o r  Column O p e ra t in g  w i t h  True  
C o u n t e r c u r r e n t  Flow
Now the h y p o t h e t i c a l  example o f  one phase backmixing can be 
c o n s id e re d .  Let i t  be assumed t h a t  the  cont inuous  phase is r a p i d l y  
backmixing so t h a t  i t  has a co n s tan t  te m p e r a tu re .  Th is  is s i m i l a r  
to  the  assumption o f  a w e l l  mixed r e a c t o r  in r e a c t o r  d e s ig n .  A ls o ,  
assume t h a t  the  d is c o n t in u o u s  phase c o n t in u es  in p lug  f l o w  ( th e  drops  
do not b a c k - c i r c u l a t e  o r  proceed a t  d i f f e r e n t  v e l o c i t i e s ) .  For t h i s  
example the  te m p e ra tu re  p r o f i l e s  would be expected  to look s i m i l a r  
to those in F ig u r e  9*
D iscont inuous  Phase
Continuous PhasePhase
T e m p e r a t u r ; 
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FIGURE 9* Temperature P r o f i l e s  f o r  a Column O p e ra t in g  With  
Plug Flow o f  the  D isco n t in u o u s  Phase and Complete  
M ix in g  o f  the  Cont inuous Phase
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For t h i s  example,  the  te m p e ra tu re  p r o f i l e s  o f  the two phases a re  
not coupled to g e t h e r  and do not have the  same shape. T h is  a p p a r e n t l y  
c o n t r a d i c t s  the  heat  ba lance  g iven by the  Equat ions  ( 2 - 3 3 )  and (2 —̂ +0) - 
The column a p p a r e n t l y  f o l l o w s  an o v e r a l l  h e a t  ba lance  but not a heat  
balance  f o r  a g iven p o r t i o n  o f  the column.
This  a p p are n t  paradox is due to  the f a c t  t h a t  c o u n t e r c u r r e n t  
f lo w  is i m p l i c i t l y  assumed in the  h e a t  ba lance  o f  Equation ( 2 - 3 3 ) *
I t  can be shown as f o l lo w s  t h a t  a more c o m p l ic a ted  f lo w  arrangement  
w i l l  e n ab le  a workab le  heat  ba lance  to  be w r i t t e n  f o r  t h i s  example  
o f  one phase be ing w e l l - m i x e d .
The new f l o w  p a t t e r n  can be assumed to  be t h a t  shown in F ig u re  10.
Wd Wc
Td. Tcouttn
FIGURE 10. Assumed Flow P a t t e r n  f o r  a Spray Column w i t h  a 
W e l l -M ix e d  Cont inuous Phase
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The assumed f lows in F ig u re  10 must f o l l o w  a m a t e r i a l  ba lance .
For the  continuous  phase t h i s  is :
W  *  W +W" (2-i+7)c c c
The requ irem ent  o f  complete  m ix in g  means t h a t  the  average  temper­
a t u r e  o f  the  cont inuous  phase a t  any p o i n t  in  the  column must be the
same as the o u t l e t  te m p e ra tu re ,  T . Th is  requ irem ent  f o r  a c onstant
Cout
average  te m p era tu re  can be expressed m a t h e m a t i c a l l y  as:
(W"+W')C T = W'C T'+W"C T" ( 2 - 4 8 )c c7 pc c c pc c c pc c '  '
This  e q u a t io n  s imply  s t a t e s  t h a t  I f  the  two i n t e r n a l  continuous  phase 
streams were mixed t o g e t h e r ,  the r e s u l t i n g  te m p e ra tu re  would have to  
be Tc . out
The column must a l s o  obey an energy ba lance  w r i t t e n  about the  
d o t t e d  enve lope  in F ig u re  10. The energy ba lance  is:
W'C T'+W.C .T .  = W'C T"+W C T +W.C .T .  ( 2 -4 9 )c pc c d pd d. c pc c c oc c .  d pd d '
r  r  in K out r  ou t  r
The th r e e  Equations ( 2 - 4 7 ) ,  ( 2 - 4 8 ) ,  and (2 - 4 9 )  have f o u r
unknowns, W1, W", T 1, and T " .  T h e r e f o r e ,  the fo u r  unknowns cannot’ c c c c ’
be e v a l u a t e d .  However, i t  is i n s t r u c t i v e  to  assume a v a lu e  o f  one
o f  the unknowns and so lve  f o r  the  o t h e r  t h r e e .  Assume:
WJ = W (2 - 5 0 )
Cout
Then;
W' = 2W ( 2 - 5 1 )
C out
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WdCPd (V Td. >
T ' ----------------------------—  + T ( 2 - 5 2 )
*+W C o u tc . pc o u t  r
wdcPd (V Td. )
T-* = T  —  ( 2 - 5 3 )
o u t  2W Cc . pc o u t  r
s in c e  (T j - T j  ) is  n e g a t i v e ,  i t  can be seen t h a t  T '  is le s s  than T
i n out
and T" is  g r e a t e r  than  T
c c *out
The above example  i l l u s t r a t e s  t h a t  i t  is  p o s s i b l e  to  have phase
t e m p e r a t u r e  p r o f i l e s  t h a t  a r e  independent  o f  each o t h e r  e x c e p t  t h a t
an o v e r a l l  e n t h a l p y  b a la n c e  must be obeyed .  T h is  p o s s i b i l i t y  makes
the  a n a l y s i s  o f  sp ra y  column h e a t  t r a n s f e r  more d i f f i c u l t  because i t
is im p o s s ib le  t o  know th e  i n t e r n a l  t e m p e r a t u r e  d r i v i n g  f o r c e s  f o r  h e a t
t r a n s f e r  u n le s s  th e  phase t e m p e r a t u r e  p r o f i l e s  a r e  known.
Some r e s e a r c h e r s  have a n a l y t i c a l l y  t r e a t e d  ba ck m ix in g  in sp ra y  
33columns.  S l e i c h e r  has i l l u s t r a t e d  the  e f f e c t  o f  b a c k m ix in g  on
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column e f f i c i e n c y .  Mixon ert _ a K , have e v a l u a t e d  th e  e x t e n t  o f
b a c k m ix in g  in a s p ray  column used f o r  h e a t  t r a n s f e r  by means o f
r a d i o a c t i v e  t r a c e r s .  They con c lu d e  t h a t  b a c k m ix in g  c o n t r o l s  the
e x t e n t  o f  h e a t  t r a n s f e r  in a s pray  column r a t h e r  than th e  h e a t
t r a n s f e r  c o e f f i c i e n t .  They t r e a t  th e  b a c k m ix in g  a n a l y t i c a l l y  by
means o f  P e c l e t  numbers.
1 2G i e r  and Hougen a c t u a l l y  measured th e  c o n c e n t r a t i o n  p r o f i l e s
in a s p ray  column used f o r  1 i q u i d - 1 i q u i d  e x t r a c t i o n .  They found t h a t
the  p r o f i l e s  were  n o t  r e l a t e d  by th e  c o u n t e r c u r r e n t  f l o w  m a t e r i a l
36
b a la n c e  a n a la g o u s  to  E q u a t io n  ( 2 - 3 3 ) -  T r e y b a 1 a l s o  d is c u s s e s  th e
c o n c e n t r a t i o n  p r o f i l e s  and t h e i r  v a r i a n c e  from p r e d i c t e d  p r o f i l e s  
f o r  an e x t r a c t i o n  column.
8 .  B r i e f  R e c a p i t u l a t i o n  o f  Theory
Much o f  the  th e o r y  s e c t i o n  was devoted  to  d is c u s s io n  o f  the
i n d i v i d u a l  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  h and h . .  I t  was shownc d
t h a t  th e  v a lu e s  o f  the se  q u a n t i t i e s  depended upon the  e x t e n t  o f  
i n t e r n a l  c i r c u l a t i o n  in the  drops and t h a t  s e p a r a t e  c o r r e l a t i o n s  
were n e ces sary  f o r  each type o f  drop c i r c u l a t i o n .  Some o f  the  
c o r r e l a t i o n s  from th e  l i t e r a t u r e  were  p re s e n te d  but t h e r e  was a 
n o t a b l e  absence o f  c o r r e l a t i o n s  f o r  the  d is c o n t in u o u s  phase h e a t  
t r a n s f e r  c o e f f i c i e n t .  Many o f  the  c o r r e l a t i o n s  a r e  based on s p e c u la ­
t i o n  because no way has been found f o r  e x p e r i m e n t a l l y  m easur ing  the  
i n d i v i d u a l  c o e f f i c i e n t s  f o r  many types  o f  drop c i r c u l a t i o n .
The d is c o n t in u o u s  phase h e a t  t r a n s f e r  c o e f f i c i e n t ,  h^,  was 
shown to  be d e p en dent 'upon  th e  c o n t a c t  t im e  w i t h  th e  c o n t in u o u s  phase  
f o r  most types o f  drop c i r c u l a t i o n .  Some m a th e m a t ic a l  models and 
o t h e r  methods were proposed as a means o f  ch eck in g  the t im e  dependency  
o f  the  o v e r a l l  h ea t  t r a n s f e r  c o e f f i c i e n t .
The a p p l i c a t i o n  o f  the  HTU-NTU method o f  c a l c u l a t i o n  t o  heat  
t r a n s f e r  was d is cu s s e d  and shown to  be p r a c t i c a l .
C o n s i d e r a t i o n  was g iv e n  to  th e  e f f e c t s  o f  backmix ing  o f  the  
phases.  I t  was proved t h a t  the t e m p e r a tu re  p r o f i l e s  o f  the  phases  
can be independent o f  each o t h e r .
CHAPTER I 11 
EXPERIMENTAL WORK
1. The Spray Column and Ass oc ia ted  Apparatus
The a p p ara tu s  used in t h i s  rese arch  c o n s is te d  o f  a s p e c i a l l y  con­
s t r u c t e d  spray  column and a s s o c ia te d  equipment f o r  in t r o d u c in g  l i q u i d s  
i n to  the column a t  the d e s i r e d  r a t e  and te m p era tu re  and o f  instrumen­
t a t i o n  f o r  measur ing tem peratu res  and f lo w s .  Th is  inc luded a heat  
exchanger f o r  h e a t in g  the o i l ,  a te m p era tu re  c o n t r o l l e r ,  a m u l t i p o i n t  
r e c o rd in g  p o t e n t i o m e t e r ,  and ro ta m e ters  (see F igures  11, 12 and 13)*
The main p ie c e  o f  a p p a ra tu s  was the spray column. I t  measures 
inches h igh  w i t h  a 12 inch expanded coa lescence  s e c t i o n  and a 14 inch 
h igh  expanded a re a  d is p ers e d  phase i n l e t  s e c t i o n ,  l e a v in g  a h e ig h t  o f  
48 inches f o r  the  column p r o p e r .  The column was b u i l t  w i t h  f l a t  faces  
o f  1 /2  inch t h i c k  Pyrex g la s s  p l a t e  to  make u n d i s t o r t e d  photographs o f  
the  drops p o s s i b l e .  The c e n t r a l  p o r t i o n  o f  the  column has a r e c t a n g u l a r  
cross s e c t io n  o f  3 3 / 8  inches by 4 1 /16  inches.  Thermocouples were  
i n s t a l l e d  in the column through the gasket behind the  g lass  a t  about  
3 inch i n t e r v a l s  on a l t e r n a t i n g  s ides  o f  the column. The thermocouples  
were in s e r t e d  through small  g lass  tubes w i t h  o n ly  the  t i p s  p r o t r u d i n g  
and the tube was turned upward so t h a t  o i l  drops would tend to  pass
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around the  t i p  w i t h o u t  t o u c h i n g .  Thus,  th e  th e rm o c o u p les  would measure  
o n l y  th e  c o n t in u o u s  phase t e m p e r a t u r e .  Therm ocouples  were  a l s o  
i n s e r t e d  i n t o  th e  i n l e t  and o u t l e t  p ip e s  o f  th e  column.
The drops  o f  th e  d i s p e r s e d  phase were  produced by p e r f o r a t e d  
p l a t e  d i s t r i b u t o r s  made o f  s t a i n l e s s  s t e e l .  H o le  d i a m e t e r s  o f
0 . 0 4 0 0  in c h e s ,  0 . 0 6 2 5  inches and 0 .0 9 3 7  inches  were  used.  The p l a t e s  
were  i d e n t i c a l  e x c e p t  f o r  th e  h o l e  s i z e ,  each h a v in g  136 h o l e s ,  
a r r a n g e d  in 10 rows o f  14 h o le s  each ,  one b e in g  o m i t t e d  a t  each  
c o r n e r  o f  th e  p l a t e .
The th e rm ocoup les  used were c o p p e r - c o n s t a n t a n  o f  26 B 6- S gauge  
s u p p l i e d  by the  Thermo E l e c t r i c  Company. The g u a r a n t e e d  a c c u ra c y  
o f  th e  w i r e  was 1 /2 ° F  in th e  range - 7 5 ° F  t o  2 0 0 ° F .
The th e rm o c o u p le s  were  c o n n e c te d  to  a 24  p o i n t  Honeywel l  
E l e c t r o n i k  r e c o r d i n g  p o t e n t i o m e t e r .  T h i s  compensated i n s t r u m e n t  had 
a c e r t i f i e d  a c c u r a c y  o f  0 . 0 2 0  m i l l i v o l t s .  The range used was 0 to  
100°C ,  t h e  c h a r t  b e in g  l i n e d  f o r  e v e r y  1 / 2 ° C .  The p o i n t s  between the  
l i n e s  c o u ld  be e s t i m a t e d  t o  0 . 1 ° C .
The o i l  t e m p e r a t u r e  was c o n t r o l l e d  by a Foxboro Dynalog Pneumat ic  
C o n t r o l l e r  Model 9440W -44 .  I t  was equ ipped  w i t h  a r e s i s t a n c e  b u lb  
s en s in g  e le m e n t  and c o n t r o l l e d  in  t h e  0 - 3 0 0 ° F  t e m p e r a t u r e  ra n g e .
The p hoto graphs  o f  t h e  drops were  ta k e n  w i t h  120 mm Mamiya  
P r o f e s s i o n a l  camera ,  model C-3> u s in g  an f 2 . 8  80 mm l e n s .  L i g h t i n g  
was p r o v id e d  by a 500  w a t t  p h o t o g r a p h i c  sp o t  l i g h t .  A l i g h t  m e te r  
was used t o  d e t e r m i n e  t h e  c o r r e c t  len s  o p e n in g .
The p r o p e r t i e s  o f  th e  Humbletherm 500 l i g h t  m i n e r a l  o i l  used in 
t h i s  r e s e a r c h  a r e  g iv e n  in th e  A p p e n d ix .  They a r e  a l s o  g iv e n  in th e  
1 i t e r a t u r e .  ' '
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FIG URE- 11. Schematic Diagram of Apparatus
FIG U R E-12. Photograph of Apparatus (front view)
U t
FIGURE-13. Photograph of Apparatus 
(From a Front Angle)
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2 .  E xp e r im en ta l  Procedure
Three d i f f e r e n t  drop s i z e s  were i n v e s t i g a t e d .  For each drop
s i z e  runs were made a t  fo u r  d i f f e r e n t  o i l  f l o w  r a t e s .  The o i l  f l o w
r a t e s  were 395,  590 ,  790 and 1075 l b s / h r  through the  column. S ince
2
the  column a r e a  is 0 .0 9 7 8  f t  ,  t h i s  corresponded to  mass v e l o c i t i e s  o f
2
**002, 5028 ,  800*+ and 9979 l b / h r  f t  f o r  the d is c o n t in u o u s  phase.
For  each o i l  r a t e ,  f i v e  d i f f e r e n t  w a te r  f l o w  r a t e s  were used. The 
mass v e l o c i t i e s  o f  t h i s  cont inuous  phase were 252**, 5056 ,  7578 ,  10, 106 
and 1 2 ,600  l b / h r  f t  . Thus,  twenty runs were made f o r  each drop s i z e .
The procedure  f o r  each run c o n s is te d  o f  t u r n i n g  on the  pumps, 
opening the  v a lv e s  f o r  the o i l  and w a t e r  r e s p e c t i v e l y  u n t i l  the  
d e s i r e d  f lo w  r a t e s  were o b ta in e d  as shown by the  r o t a m e te r s ,  and 
p l a c i n g  the  h e ig h t  o f  the a d j u s t a b l e  leg in a p o s i t i o n  such t h a t  the  
i n t e r f a c e  was a t  the  d e s i r e d  l e v e l .  Then the  se t  p o i n t  o f  the o i l  
te m p e ra tu re  c o n t r o l l e r  was s e t ,  the steam was turned  on and about  
t h i r t y  minutes  was a l lo w e d  f o r  the  o i l  te m p e ra tu re  to  s e t t l e  down to  
the s e t  p o i n t  ( 1 6 5 ° F ) .  A f t e r  the  column had reached s teady  s t a t e ,  
the  m u l t i p o i n t  r e c o rd e r  was tu rned  on and the te m peratu res  a t  each  
o f  the  2** thermocouples  was re corded ,  a l l o w i n g  th e  r e c o rd e r  to  rep ea t  
the  te m p e ra tu re s  over  a p e r io d  o f  t im e .  Then photographs were taken  
o f  the  drops in the  column. The r o ta m e te r  read in g s  were recorded ,  
some v a l v e  a d ju s tm e n t  be ing  r e q u i r e d  to  keep the  f l o w  r a te s  a t  the  
d e s i r e d  p o i n t .  A f t e r  each run ,  the  f l o w  r a t e s  o f  the two phases  
were a d ju s t e d  to  the n e x t  d e s i r e d  v a l u e .  S u f f i c i e n t  t ime was a l l o t t e d  
to  a l l o w  the  column to  a g a in  reach s teady  s t a t e  b e fo r e  da ta  f o r  a new 
run was ta k e n .
U6
3* Measurement o f  Column Holdup
A s e r i e s  o f  s e p a r a te  runs were made to  d e te rm in e  the  holdup in 
the  column f o r  each drop s i z e  a t  each c om bina t ion  o f  f l o w  r a t e s .  The 
holdup was de te rm ined  by t u r n i n g  o f f  th e  pumps, a l l o w i n g  th e  drops in 
the  column to  c o a le s c e ,  and d e t e r m in in g  the  volume o f  the  o i l  c o a le s ce d .  
An a l lo w a n c e  was made f o r  the  o i l  in the  column above the  i n t e r f a c e .
Then the  f r a c t i o n a l  holdup was c a l c u l a t e d  by d i v i d i n g  the o i l  volume 
by the column volume. The volume o f  the  column below the  d i s t r i ­
b u to r  p l a t e  was not inc luded  as p a r t  o f  the  column volume.
Th is  procedure  was open to  a degree  o f  e r r o r  because i t  depended 
upon h o ld in g  the i n t e r f a c e  a t  the  same p o i n t  each t ime b e fo r e  s to p p in g  
the  f lo w s .  Th is  was sometimes d i f f i c u l t  to  do because the  c o a le s c in g  
i n t e r f a c e  was s e v e ra l  drops deep and a d e c i s i o n  was necessary  on 
where the  a c t u a l  i n t e r f a c e  l a y .  A ls o ,  a t  h igh  f l o w  r a t e s  i n t e r f a c e  
c o n t r o l  was d i f f i c u l t  and s l i g h t  changes o f  the s ta n d p ip e  used to  
c o n t r o l  the  i n t e r f a c e  caused l a r g e  v a r i a t i o n s  in the  l e v e l  o f  the  
i n t e r f a c e .
These d i f f i c u l t i e s  made i t  necessary  t o  make re p e a te d  d e te r m in a t io n s  
o f  holdup f o r  the  same f l o w  r a t e s  and use a number o f  p o in t s  t o  get  
the  best  curve  when the holdup was p l o t t e d  a g a i n s t  f l o w  r a t e .  The 
r e s u l t i n g  smoothed curves f o r  the  f r a c t i o n a l  holdup a r e  shown in 
F ig u re s  1**, 15 and 16.
k .  Measurement o f  Drop S i z e
The drop s i z e  was de te rm ined  by photo graph ing  the  drops in the  
column s im u l t a n e o u s ly  w i t h  a s c a l e  d i v id e d  i n t o  m i l l i m e t e r s  mounted 
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FIGURE-14. Fractional Holdup of Dispersed Phase versus
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FIGURE-15. Fractional Holdup of Dispersed Phase versus
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FIGURE-16. Fractional Holdup of Dispersed Phase versus
Continuous Phase Mass Velocity For Large Drops
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s c a le  to  d e te rm in e  t h e i r  s i z e .  A t y p i c a l  photograph used f o r  t h i s  
purpose is shown in F ig u re  17-
The photograph in F ig u r e  17 was taken w i t h  the  camera about 2k 
inches away from the  column. The s c a le  was on the  f r o n t  on the g lass  
and the drops were behind the g la s s .  Some e r r o r  o f  measurement due 
to  p a r a l l a x  is p o s s i b l e  but i t  should  be s l i g h t  and less than the  
e r r o r s  a s s o c ia t e d  w i t h  remainder  o f  the measur ing p ro c ed u re .
F i f t e e n  drops were s e l e c t e d  from the  photograph and measured 
in the d i r e c t i o n  o f  f l o w  and p e r p e n d ic u l a r  to  i t .  On the  a v erag e ,  
measurements f o r  the  two d i r e c t i o n s  were about equal  so i t  was decided  
to  assume t h a t  the  drops were s p h e r i c a l .  The measurement was done 
by e n l a r g i n g  the  p h o to g ra p h ic  p r i n t  and us ing  d i v i d e r s  from a drawing  
s e t  t o  t ranspose  th e  measurements o f  the  drops to  the  s c a le  where  
t h e i r  dimensions could  be de te rm ined  n u m e r i c a l l y .
When a d i s t r i b u t i o n  o f  drop s iz e s  o c c u r re d  i t  was necessary  to  
make a d e c is io n  on what drops would be used f o r  the measurements.
An a t t e m p t  was made in each case to  s e l e c t  the  f i f t e e n  drops so t h a t  
they  would r e p r e s e n t  the v a r io u s  drop s iz e s  in p r o p o r t i o n  to  t h e i r  
o ccu rre n c e  in the  photograph .  A d m i t t e d ly  t h i s  r e q u i r e d  judgement  
and is open to  a degree  o f  e r r o r .
5.  C a l i b r a t i o n  o f  Ins trum ents
The c a l i b r a t i o n  o f  the  m u l t i p o i n t  te m p e ra tu re  r e c o r d e r  was 
checked f o r  a l l  2k  p o in t s  us ing  b o i l i n g  w a t e r ,  ice  and w a t e r ,  and tap  
w a t e r  a t  room t e m p e r a tu re .  The r e c o r d e r  was found to  g iv e  the  same 
read ings  as a high q u a l i t y  mercury thermometer in these media and was 
t h e r e f o r e  c o n s idered  to  be in p e r f e c t  c a l i b r a t i o n .  The thermocouples
5 )
FIGURE-17 Photograph of Small Drops
(showing scale used for drop measurement)
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in the  column were checked f o r  c o n s is te n c y  o f  readings  by running  
w a te r  through the column a t  a high f l o w  r a t e .  Under these c o n d i t io n s  
the same re a d in g  was o b ta in e d  f o r  a l l  thermocouples  a c t u a l l y  in s id e  
the  column.
Each o f  the  ro ta m e te rs  was c a l i b r a t e d  us ing  a p l a t f o r m  s c a le  and 
a b a r r e l .  The f lo w  o f  the phase was se t  to  the  d e s i r e d  p o i n t  on the  
ro ta m e te r  and the f lo w  was routed  i n t o  the b a r r e l  on the sc a les  f o r  
a c a r e f u l l y  t imed i n t e r v a l .  The w e igh t  o f  l i q u i d  c o l l e c t e d  per u n i t  
t ime was then used to  c a l i b r a t e  the  r o ta m e te r s .  The c a l i b r a t i o n  
curves f o r  the  two ro ta m e ters  a re  g iven in the  appendix .
Some t ime was a l s o  devoted to  the  o i l  te m p e ra tu re  c o n t r o l l e r  to  
a d j u s t  the r e c o rd e r  to  g iv e  proper  te m p e ra tu re  read ings  f o r  the hot  
o i l .  I t  gave a p p r o x im a t e ly  c o r r e c t  read ings  but the accuracy  was 
i n h e r e n t l y  poor due to  the  c h a r t  paper o n ly  be ing l in e d  f o r  every  
two degrees F a h r e n h e i t .  T h is  was not im por tan t  because the o i l  
i n l e t  te m p e ra tu re  was being measured by the  m u l t i p o i n t  r e c o r d e r .
Most o f  the work on the c o n t r o l l e r  was devoted to  a d j u s t i n g  the  
p r o p o r t i o n a l  band and i n t e g r a l  c o n t r o l  s e t t i n g s  in o rd e r  to  m in im ize  
the  t im e  needed f o r  the  o i l  to  reach s teady  s t a t e  a f t e r  a change.
CHAPTER IV 
INTERPRETATION OF RESEARCH
1. Measurement o f  Temperature  P r o f i l e s
At the s t a r t  o f  t h i s  research  i t  was dec ided  t h a t  i t  would be 
v a l u a b l e  to  have a complete  te m p e ra tu re  p r o f i l e  f o r  each o f  the phases 
in the  column. These te m p e ra tu re  p r o f i l e s  cou ld  be used to  e l i m i n a t e  
end e f f e c t s ,  d e te rm in e  the  c o r r e c t  d r i v i n g  f o r c e  in case o f  heat  loss,  
and g iv e  in f o r m a t io n  on the  r e l a t i o n s h i p  o f  the  o v e r a l l  h ea t  t r a n s f e r  
c o e f f i c i e n t  to  t im e .  T h e r e f o r e ,  the f o l l o w i n g  procedure  was developed  
f o r  d e te r m in in g  the  tem p era tu re  p r o f i l e s .
The te m p e ra tu re  p r o f i l e  o f  the cont inuous  phase (w a te r )  was 
o b ta in e d  d i r e c t l y  by measuring the te m p e ra tu re s  a t  v a r io u s  p o in t s  
a long  the  column w i th  thermocouples  connected to  a m u l t i p o i n t  r e c o r d e r .  
This  was s im ple  enough, but two d i f f i c u l t i e s  d id  p re se n t  them selves .
The f i r s t  d i f f i c u l t y  was t h a t  the re ad in g s  a t  each thermocouple  
v a r i e d  s l i g h t l y  w i t h  t im e .  Th is  was due to  the  s l i g h t  changes of  
f l o w  r a t e  caused by a d ju s tm e n t  o f  the  s ta n d p ip e  to  m a in t a i n  i n t e r f a c e  
c o n t r o l .  A ls o ,  v a r i a t i o n s  o f  th e  read in g s  could  have been due to  
measur ing e r r o r s  in the  m u l t i p o i n t  r e c o r d e r ,  the  lo c a l  h e a t in g  e f f e c t  
o f  a drop in c lo s e  p r o x i m i t y  to  a thermocouple  t i p ,  and f l u c t u a t i o n s  
in the  degree  o f  backmixing in the  column.
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To m in im ize  t h i s  v a r i a t i o n  w i t h  t im e ,  f i v e  sets  o f  readings were  
taken from the m u l t i p o i n t  re c o rd e r  c h a r t  and averaged f o r  each run.  
Since each s e t  o f  read ings was separa ted  by s ev e ra l  m inu tes ,  the  
e f f e c t  o f  t ime and f l u c t u a t i o n s  o f  f lo w  r a t e  should be min imized by 
t h i s  a v e ra g in g  procedure .  A t y p i c a l  cont inuous  phase te m perature  
p r o f i l e  r e s u l t i n g  from t h i s  procedure is shown as F igure  18.
The second d i f f i c u l t y  which arose  in e s t a b l i s h i n g  the cont inuous  
phase te m perature  p r o f i l e  was due to  t u r b u l e n t  e d d ie s .  For some 
reason,  a t  h ighe r  column holdups the w a te r  and drops in the column 
would s w i r l  about in a rough c i r c l e ,  encompassing a la rg e  p o r t i o n  o f  
the c e n t r a l  p a r t  o f  the column. The behav ior  is shown s c h e m a t ic a l l y  
in F igure  19*
FIGURE 19. Schematic I l l u s t r a t i o n  o f  T u r b u le n t  S w i r l s  Observed 






150 Run No. 6Low Oil Flow Rot* Gy* 3850 








—  80 
—  70
e o o o
—  60
I I I I I I I I I I I I
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
2  , (cm.) Di»tanc* From Top ofDi*p*r**d Ptia*« Distributor 
FIGURE-18. Typical Continuous Phase Temperature Profile
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The s w i r l s  could  be observed because the drops were c a r r i e d  about  
the complete c i r c l e ,  f l o w in g  up on one s ide  o f  the column and down 
on the o t h e r .  The arrows in F igure  19 i n d i c a t e  the path o f  the drops.
Th is  be hav io r  was observed to  occur o n ly  a t  h ig h e r  holdups and 
i t  occurred  to  a g r e a t e r  e x t e n t  f o r  small  drops than f o r  la rg e  drops.
I t  was hard to p r e d i c t  when the phenomenon would occur s ince  sometimes 
i t  occurred  a t  r e l a t i v e l y  low holdup and sometimes i t  d id  not occur  
f o r  high holdups.
The t u r b u l e n t  s w i r l s  had a marked e f f e c t  upon e v a l u a t i o n  o f  the  
w ater  te m perature  p r o f i l e .  S ince  the thermocouples were p laced on 
a l t e r n a t e  s ides  o f  the column, on one s id e  they were exposed to  cold  
w ater  moving down from the top o f  the column w h i le  the thermocouples  
on the o th e r  s id e  sensed o n ly  warm w ater  be ing  r e c i r c u l a t e d  from the  
bottom o f  the column. This  r e s u l t e d  in a l t e r n a t i n g  temperature  
read ings ,  as shown in F igure  20,  a tem peratu re  p r o f i l e  f o r  a run in 
which the t u r b u l e n t  s w i r l  was p re s e n t .
At f i r s t  i t  was thought t h a t  t h i s  c i r c u l a t i o n  was due to  improper 
v e r t i c a l  a l ig n m e n t  o f  the  column. However, t h i s  was d isproved by two 
f a c t s .  F i r s t ,  the  behav io r  cont inued even a f t e r  the column was c a re ­
f u l l y  l e v e le d ,  using a m ach in is ts  l e v e l .  Secondly,  i t  was found t h a t  
the  c i r c u l a t i o n  changed s ides  o f  the column from t ime to  t im e ,  s w i r l i n g  
c lo ckw ise  f o r  a p e r io d  o f  t ime and then s w i r l i n g  co u n te rc lo c k w is e  
l a t e r .
The best  answer to t h i s  problem in those runs in which i t  occurred  
was to e s t im a t e  a " b e s t  l i n e "  between the p o i n t s .  An example o f  t h i s  
is shown in F ig u re  21 where the  dashed l i n e  is the best  l i n e  between 
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"smoothed" te m p e ra tu re  p r o f i l e .  The smoothed p r o f i l e s  were used f o r  
a l l  subsequent c a l c u l a t i o n s .
Since  i t  is d i f f i c u l t  to  measure th e  tem pe ra tu res  o f  moving  
drops,  i t  was decided  to  measure the  d is c o n t in u o u s  phase tem peratu re  
o n ly  a t  the  i n l e t  and o u t l e t  to  th e  column and c a l c u l a t e  the  tem peratu res  
of  the phase a t  a l l  i n t e r m e d i a t e  p o i n t s .  These in t e r m e d ia t e  p o in ts  
were c a l c u l a t e d  by a r a t i o  method us ing  the e q u a t io n ;
Although t h i s  e q u a t io n  is r e l a t e d  to  an energy b a la n c e ,  i t s  use 
avo id s  many o f  the  d i f f i c u l t i e s  o f  us ing  a r e g u l a r  energy ba lance  such 
as E quat ion  ( 2 - 4 0 ) .  When Equat ion  ( 2 - 4 0 )  was used in a s te pwise  
procedure  to  c a l c u l a t e  the  d is c o n t in u o u s  phase te m peratu res  from one 
end o f  the column to  the  o t h e r  the f i n a l  c a l c u l a t e d  te m p e ra tu re  
u s u a l l y  d id  not a g ree  w i t h  the  e x p e r i m e n t a l l y  measured te m p e ra tu re .
The d i f f e r e n c e  was due to  h e a t  losses and e x p e r im e n ta l  e r r o r s  in 
measur ing the  te m p e ra tu re s  and phase f lo w  r a t e s .  The r a t i o  method 
o f  E q u a t io n  ( 4 - 1 )  a vo ids  t h i s  d i f f i c u l t y  and the  c a l c u l a t e d  tem peratu res  
a re  a lways c o m p a t ib le  w i t h  the  e x p e r i m e n t a l l y  measured te m p e ra tu re s .
F ig u r e  21 i l l u s t r a t e s  a t y p i c a l  te m p e ra tu re  p r o f i l e  f o r  the  
d is c o n t in u o u s  phase,  a lo n g  w i t h  the cont inuous  phase p r o f i l e .  I t  
can be seen t h a t  the two p r o f i l e s  have the  same shape. Th is  is because 
the method o f  c a l c u l a t i o n  o f  the  d is co n t in u o u s  phase p r o f i l e  r e q u i r e s  
t h a t  they  have the  same shape. I n d i r e c t l y ,  th e  method o f  c a l c u l a t i o n  
assumes pure  c o u n t e r c u r r e n t  f l o w .  The p r o f i l e  f o r  the  d is c o n t in u o u s
i n (4-1)
Td. Td T - Tout cout
c .i n
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phase was always c a l c u l a t e d  from the  smoothed cont inuous  phase 
tempera tu re p r o f  i 1e .
2 .  D e s c r i p t i o n  o f  Column Behavior
Maximum heat  t r a n s f e r  is  o b ta in e d  in a spray  column when the  f lo w  
o f  the  phases is t r u l y  c o u n t e r c u r r e n t .  However, any r e a l  column does 
not have pure  c o u n t e r c u r r e n t  f lo w ;  t h e r e  is always some backmixing  
o f  the  phases.  T h is  f a c t o r  must be taken i n t o  account  when columns 
are  de s igned .  Columns a r e  made longer  than would be r e q u i re d  f o r  
pure c o u n t e r c u r r e n t  f lo w  in o r d e r  to compensate f o r  the reduced  
e f f i c i e n c y  o f  the column due to  backmix ing .  A ls o ,  columns a re  
designed w i t h  a l a rg e  length  to  d ia m e te r  r a t i o  to  m in im ize  the  back-  
m ix in g .
In t h i s  r e s e a rc h  i t  was found t h a t  the  amount o f  backmixing in 
the  column could  be e s t im a t e d  by o b s e r v a t i o n  o f  th e  drops .  At low 
f lo w s  of each phase the drops appeared to  go s t r a i g h t  up the  column 
and the  f l o w  could  be c o n s ide re d  c o u n t e r c u r r e n t  o r  i d e a l .  When the  
f low s  were f u r t h e r  increased  the drop pa ths became more e r r a t i c  and 
the  drops moved upward more s lo w l y .  F i n a l l y  a t  high f lo w s  the drops  
were observed to  o c c a s i o n a l l y  go downward in the column, both as 
s i n g l e  drops and as l a r g e  t u r b u l e n t  swarms o f  drops.  Sometimes a 
c i r c u l a r  s w i r l  appeared in the  column, as has a l r e a d y  been d e s c r ib e d .
The above paragraph  i l l u s t r a t e s  t h a t  the  column b e h av io r  depends 
upon the  phase f l o w  r a t e s .  The amount o f  column backmixing increases  
w i t h  an inc re ase  o f  the  f l o w  o f  e i t h e r  phase.  I t  is p o s s i b l e  to  
d i v i d e  the  b e h av io r  o f  the  phases in t o  some rough c a t e g o r i e s .  These 
c a t e g o r i e s  a re  l i s t e d  in T a b le  I I I .  T h is  t a b l e  w i l l  be r e f e r r e d  to
Table I I I
C a t e g o r ie s  o f  Column Behavior  w i t h  
Regard to  Backmixing and Coalescence
1. IDEAL BEHAVIOR: Drops t r a v e l  s t r a i g h t  up column;
drop s i z e  is u n i fo rm .
2 .  PSEUDO-IDEAL BEHAVIOR: Drops h e s i t a t e  and f o l l o w  crooked path
but always t r a v e l  upward; drop s i z e  is 
un i form.
3* TURBULENT BEHAVIOR: Swarms o f  drops can be seen s w i r l i n g
in the  column, sometimes in a downward 
d i r e c t i o n ;  v e r y  l i t t l e  coalescence  so 
drop s i z e  is f a i r l y  u n i fo rm .
4 .  COALESCENCE & BACKMIXING: Swarms o f  drops eddying v i o l e n t l y ,
s w i r l s  o f  drops f a l l  below the  d i s t r i b ­
u t o r  p l a t e ;  drops h i t t i n g  s id es  o f  the  
column c oa les ce  i n t o  l a r g e r  drops and 
slugs r e s u l t i n g  in a d i s t r i b u t i o n  o f  
drop s i z e s .
5* FLOODING: Drops c o n s t a n t l y  s w i r l i n g  below d i s t r i b ­
u t o r  p l a t e ;  no drops o f  small  s i z e  
re ac h in g  top o f  column, o n ly  la rg e  
s lu g s ;  v e ry  wide  d i s t r i b u t i o n  o f  drop  
s iz e s  e x i s t  in the column; i n t e r f a c e  
l e v e l  v e r y  d i f f i c u l t  to  m a in t a i n .
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l a t e r  in o rd e r  to  d e s c r ib e  the  type o f  b e h av io r  e xp er ien ce d  f o r  each 
run .
Another  column non i d e a l i t y  which was observed in t h i s  research  
and which is noted in Ta b le  I I I  is  the  problem o f  drop co a lescence .
At h ig h e r  f l o w  r a t e s  the drops s w i r l e d  a g a i n s t  each o t h e r  and a g a in s t
the  s ides o f  the column w i t h  s u f f i c i e n t  f o r c e  to  cause two or more
drops to  co a le s ce  to g e t h e r  to  form a l a r g e r  drop o r  s lu g .  Th is  
b e h a v io r  is u n d e s i r a b le  because i t  reduces the c o n t a c t  a rea  between 
the  phases.  From the e x p e r im e n ta l  v ie w p o in t  i t  c o m p l ic a te s  the  
e v a l u a t i o n  o f  an average  drop d ia m e te r  because i t  causes a la rg e  
range o f  drop s iz e s  to be p re se n t  in the column.
The degree  o f  coalescence  t h a t  was found can be i l l u s t r a t e d  
through photographs o f  the drops.  F ig u r e  22 shows the  even d i s t r i b ­
u t i o n  o f  drop s iz e s  t h a t  occurred  a t  moderate  f lo w  r a t e s  f o r  l a r g e  
drops .  A s i m i l a r  even d i s t r i b u t i o n  can be seen f o r  small  drops
in F ig u re  17 in a p re v io u s  s e c t i o n .
At m o d e ra t e ly  high f lo w  r a t e s  some drops coalesced  to  form l a r g e r  
drops w h i l e  most drops m a in ta in e d  t h e i r  o r i g i n a l  s i z e .  Th is  r e s u l t e d  
in a d i s t r i b u t i o n  o f  drop s i z e s .  T h is  b e h a v io r  is i l l u s t r a t e d  
p h o t o g r a p h i c a l l y  by F ig u r e  23*
When the f l o w  r a t e s  o f  both phases were h igh  a lm ost a l l  o f  the  
drops coa lesced  to  l a r g e r  drops or  s lu g s .  Th is  b e h av io r  p revented  
the column from f l o o d i n g  a t  lower f lo w  r a t e s  than those a t  which i t  
would have a c t u a l l y  f lo o d e d  because th e  l a r g e  s lugs could  progress  
up the column when small  drops were unable  to  do so.  F ig u re  2h 
i l l u s t r a t e s  the  l a r g e  s lugs which a r e  formed.
FIG URE- 2 2 ,  Photograph of Drops For Run Number5 8  
Large Drops With No Drop Coalescence
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F IG U R E -23. Photograph of Drops For Run Number 4 6  
Small Drops With Some Drop Coalescence
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F IG U R E -2 4 . Photograph of Drops For Run Number 5 0  
Small Drops Coalescing To Large Slugs
66
The coa lescence  o f  drops in t h i s  re sea rch  may not be t y p i c a l  o f  
the  coa lescence  o f  drops in i n d u s t r i a l  columns because o f  the  unusual  
c o n s t r u c t i o n  o f  the  re se a rc h  column. The smal l  spray  column used in 
t h i s  re se arch  had some s t e e l  fa ces  a lo ng  the  column s ides  and in the  
f l a r e d  d is p e rs e d  phase e n t r a n c e  s e c t i o n .  These fa c e s  were not e n t i r e l y  
o le o p h o b ic  even though they  were coated  w i t h  a polymer p a i n t  o f  an 
epoxy type  to  make the  fac es  as o le o p h o b ic  as p o s s i b l e .  As a r e s u l t  
a t  h igh  holdups some drops s tu c k  to  the  s id e  o f  the column. The drops  
remained on the  w a l l s  u n t i l  o t h e r  drops coa le sce d  w i t h  them to  form  
a l a r g e r  drop o r  s l u g .  Then the  l a r g e  drop would d isengage from the
w a l l  and proceed up the  column.
3* E l i m i n a t i o n  o f  End E f f e c t s
I f  h e a t  t r a n s f e r  c o e f f i c i e n t s  and h e ig h t  o f  t r a n s f e r  u n i t s  a re  
c a l c u l a t e d  f o r  the e x p e r im e n t a l  column us ing the  te m p e ra tu re  d r i v i n g  
f o r c e  based on the  tem p e ra tu res  o f  the  i n l e t  and o u t l e t  streams to  the  
column the  q u a n t i t i e s  so c a l c u l a t e d  in c lu d e  a l l  the  in f lu e n c e s  o f  
column end e f f e c t s .  As a consequence,  th ese  q u a n t i t i e s  may not be 
r e p r e s e n t a t i v e  o f  those expected  f o r  l a r g e  s c a le  columns because in 
l a r g e  columns the  end e f f e c t s  would be less im p o r ta n t .  For t h i s  
reason,  i t  is  d e s i r a b l e  to  e l i m i n a t e  end e f f e c t s  from any c a l c u l a t i o n s  
o f  e x p e r im e n t a l  v a l u e s .
I f  th e  c o r r e c t  te m p e ra tu re  p r o f i l e  is known f o r  each o f  the  two
column phases end e f f e c t s  can be e a s i l y  e l i m i n a t e d .  T h is  can be done
s im ply  by us ing the  te m pera tu re s  in the  c e n t r a l  p o r t i o n  o f  the  column 
f o r  the  c a l c u l a t i o n s .  For example,  i f  the  o v e r a l l  heat  t r a n s f e r  
c o e f f i c i e n t  is be ing  c a l c u l a t e d  by using a log-mean tem p e ra tu re
d i f fe re n c e ,  th is  d i f fe re n c e  can be c a lcu la ted  by using phase temperatures 
from the top and bottom of  the centra l  port ion  of the column. This 
is i l l u s t r a t e d  by Figure 25- The log-mean temperature d i f fe re n c e  
would be ca lcu la ted  by using temperatures at  planes A and B in the 




FIGURE 25* Schematic I l l u s t r a t i o n  of  Spray Column
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N a t u r a l l y ,  t h e  amount o f  h e a t  t r a n s f e r r e d  p e r  u n i t  t i m e ,  q ,  
would  a l s o  be t h a t  be tw een p l a n e s  A and B. The a r e a  te rm  would  be 
s i m i l a r l y  based on t h e  c e n t r a l  p o r t i o n  o f  t h e  co lumn.
The above method was used f o r  t h e  c a l c u l a t i o n  o f  o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t s  and h e i g h t  o f  t r a n s f e r  u n i t s  in  t h i s  r e s e a r c h .
The v a l u e s  a r e  l i s t e d  in th e  r e s u l t s  s e c t i o n  a l o n g  w i t h  v a l u e s  c a l ­
c u l a t e d  f o r  th e  w h o le  c o lum n.  These  r e s u l t s  d i d  n o t  c o r r e l a t e  as 
c o n s i s t e n t l y  as th o s e  f o r  th e  o v e r a l l  co lum n.  T h i s  was p r o b a b l y  due 
t o  t h e  use o f  an i n c o r r e c t  o i l  t e m p e r a t u r e  p r o f i l e .  The o i l  t e m p e ra ­
t u r e  p r o f i l e  was c a l c u l a t e d  u s i n g  t h e  a s s u m p t io n  o f  c o u n t e r c u r r e n t  
f l o w  o f  th e  p h a s e s .  S in c e  t h e  phases backm ixed  t o  some e x t e n t ,  t h e  
a s s u m p t io n  was n o t  c o r r e c t ,  t h e  o i l  t e m p e r a t u r e s  a r e  t o  some d e g ree  
i n c o r r e c t ,  and t h e  method is  n o t  as a c c u r a t e  as  c o u ld  be d e s i r e d .
k .  The Time Dependency o f  t h e  O v e r a l l  H ea t  T r a n s f e r  C o e f f i c i e n t
As d i s c u s s e d  in  t h e  t h e o r y  s e c t i o n ,  t h e  d i s c o n t i n u o u s  phase  
h e a t  t r a n s f e r  c o e f f i c i e n t ,  h^,  may depend upon t h e  r e s i d e n c e  t i m e  o f  
t h e  drops  in t h e  co lum n.  W hether  i t  does depends upon t h e  t y p e  o f  
c i r c u l a t i o n  in t h e  d r o p s .  I f  i t  does depend upon t i m e ,  th e n  th e  o v e r a l l  
h e a t  t r a n s f e r  c o e f f i c i e n t  s h o u ld  a l s o  depend upon t i m e .  T h e r e f o r e ,  
th e  r e l a t i o n s h i p  betw een th e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  and th e  
d ro p  r e s i d e n c e  t i m e  s h o u ld  be i n v e s t i g a t e d .
I f  t h e  i n t e r n a l  d ro p  c i r c u l a t i o n  is  t h a t  d e s c r i b e d  by one o f  t h e  
models  in th e  t h e o r y  s e c t i o n ,  t h e  r e l a t i o n s h i p  betw een t h e  o v e r a l l  
h e a t  t r a n s f e r  c o e f f i c i e n t  and t im e  c o u l d  be e s t a b l i s h e d  m a t h e m a t i ­
c a l l y .  However ,  th e  complex  f l o w  and t u r b u l e n c e  in  a s p ra y  column
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make i t  ve ry  u n l i k e l y  t h a t  any s i n g l e  model o f  c i r c u l a t i o n  is a p p l i ­
c a b l e .  T h e r e f o r e ,  a n o th e r  method must be found to  e s t a b l i s h  the  
r e l a t i o n s h i p  o f  the o v e r a l l  c o e f f i c i e n t  to  drop re s id en ce  t ime { th e  
t ime  t h a t  the  drop has been in c o n t a c t  w i t h  the cont inuous  p hase ) .
The r e l a t i o n s h i p  between the  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
and drop re s id e n c e  t ime can be e s t a b l i s h e d  by two d i f f e r e n t  methods.  
Both methods make use o f  th e  f a c t  t h a t  f o r  c o u n t e r c u r r e n t  f l o w  the  
drop re s id en ce  t ime is s im ply  the h e ig h t  above the  d i s t r i b u t o r  p l a t e  
d i v id e d  by the drop v e l o c i t y :
6 *= —  ( 4 - 2 )
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The f i r s t  method of check ing  the t ime dependency o f  the o v e r a l l  
h eat  t r a n s f e r  c o e f f i c i e n t  c o n s is te d  o f  d i v i d i n g  the  column i n t o  
twenty  s e c t io n s  w i t h  the  thermocouples  in the  column marking the  
d i v i d i n g  l i n e  between the  s e c t i o n s .  The s e c t io n s  a r e  s c h e m a t i c a l l y  
i l l u s t r a t e d  in F ig u re  26 .  The s e c t io n s  in the expanded a re a  e n t ra n c e  
p o r t i o n s  o f  the  column a r e  assumed to  have the same c r o s s - s e c t i o n a l  
a r e a  as the  c e n t r a l  p o r t i o n  o f  the column as shown by the d o t t e d  l i n e s .  
An a t te m p t  was made to keep the s e c t io n s  o f  equal  h e ig h t  but t h i s  
was not p o s s i b l e .  The thermocouples had to  be in s e r t e d  a t  p o in ts  
where adequate  space was a v a i l a b l e .  T h e r e f o r e ,  the  s e c t io n s  v ary  in 
h e ig h t  as shown by F ig u r e  26.  I t  should a l s o  be noted t h a t  the  
thermocouples  in F ig u r e  26 a r e  a r b i t r a r i l y  numbered.  The numbers do 
not  correspond to  the m u l t i p o i n t  r e c o rd e r  numbers as do those o f  

















































FIGURE-2 6 . Schematic Illustration of The Research Column
Showing The 2 0  Sections Into Which The Column 
Is . Divided
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A f t e r  the  column is d i v i d e d  i n t o  s e c t i o n s  i t  should be p o s s i b l e  
to  d e te r m in e  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  each s e c t i o n .
From t h e  t e m p e r a t u r e  p r o f i l e s  o f  t h e  phases t h e  te m p e ra tu re s  a t  the  
top  and bottom o f  each s e c t i o n  can be o b t a i n e d .  Thus,  a log-mean  
te m p e r a tu re  d r i v i n g  f o r c e  can be e s t a b l i s h e d .  The amount o f  h ea t  
t r a n s f e r  and the  a r e a  o f  c o n t a c t  in each s e c t i o n  can a l s o  be d e t e r ­
mined so the  c a l c u l a t i o n  o f  th e  h ea t  t r a n s f e r  c o e f f i c i e n t  is s t r a i g h t ­
f o r w a r d .
The h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  each s e c t i o n  o f  the  column 
can be p l o t t e d  as a f u n c t i o n  o f  column h e i g h t  as shown in F i g u r e  27•
The graph was made by p l o t t i n g  the  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
f o r  a s e c t i o n  a g a i n s t  th e  h e i g h t  o f  the  c e n t e r  o f  the  s e c t i o n .  S ince  
the  h e i g h t  above th e  d i s t r i b u t o r  is d i r e c t l y  r e l a t e d  t o  the  drop  
re s id e n c e  t im e  by E q u a t io n  ( ^ - 2 ) ,  F ig u r e  27 is a l s o  a p l o t  which  
shows how the  o v e r a l l  h ea t  t r a n s f e r  c o e f f i c i e n t  v a r i e s  w i t h  t im e .
I f  the  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  is  c o n s t a n t  w i t h  t im e ,  
th e  p o i n t s  in F ig u r e  27 should  form a h o r i z o n t a l  l i n e .  However,  as 
can be seen from the  p l o t  the  c o e f f i c i e n t  v a r i e s  from s e c t i o n  to  
s e c t i o n  in a r a t h e r  u n p r e d i c t a b l e  f a s h i o n .  T h i s  v a r i a t i o n  is  
p r o b a b ly  due t o  i n s u f f i c i e n t  accura cy  o f  t e m p e r a t u r e  measurement.
S in ce  th e  t e m p e r a t u r e  o f  a phase may o n ly  change one or  two degrees  
in a s e c t i o n ,  a s l i g h t  e r r o r  in  te m p e r a tu re  measurement would cause  
a l a r g e  e r r o r  in the c a l c u l a t i o n  o f  the  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  
a s e c t i o n .
F i g u r e  27 does seem t o  show a t r e n d .  The h e a t  t r a n s f e r  c o e f f i c i e n t  
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s e c t i o n .  However, the  l a r g e  c o e f f i c i e n t  f o r  t h a t  s e c t io n  is probab ly  
due to  warm w a t e r  be ing  r e c i r c u l a t e d  (backm ix ing)  in the  column,  
making i t  appear t h a t  a l a rg e  amount o f  heat  is t r a n s f e r r e d  a t  the  
w a te r  e n t ra n c e  s e c t i o n .  A c t u a l l y ,  the te m p e ra tu re  jump o f  the w a te r  
is due to  the  r e c i r c u l a t i o n ,  not t r u e  h e a t  t r a n s f e r .
From the  above d is c u s s io n  i t  can be concluded t h a t  t h i s  method 
o f  check ing  the t ime dependency o f  the o v e r a l l  heat  t r a n s f e r  c o e f ­
f i c i e n t  is u n r e l i a b l e  f o r  two reasons.  F i r s t ,  i t  is not s u f f i c i e n t l y  
a c c u r a t e .  Second, i t  depends upon the  assumption o f  c o u n t e r c u r r e n t  
f l o w  which may not always be a good assumption .
The second method o f  check ing  the  t ime dependency o f  the  o v e r a l l  
heat  t r a n s f e r  c o e f f i c i e n t  is to  compare th e  model proposed f o r  a drop  
w i t h  a c o n stan t  c o e f f i c i e n t  w i t h  e x p e r im e n t a l  d a t a .  I t  has p r e v i o u s l y  
been determ ined  t h a t  the  te m p e ra tu re  o f  a drop w i t h  a c o n s ta n t  heat  
t r a n s f e r  c o e f f i c i e n t  f a l l s  o f f  w i t h  in c r e a s in g  t ime a c c o rd in g  to  the  
equat ion:
T . -T  W.C . 3 UR ofi
M  d c ) -  - d  -  - i J * ) ------------- 5 ( 2 - 3 6 )
Td .  - Tc ,  WcCpc kd R
in out r
E qua t ion  ( 2 - 3 6 )  p r e d i c t s  a s t r a i g h t  l i n e  when the  lo g a r i t h m  o f
the  te m p e ra tu re  d i f f e r e n c e  r a t i o ,  (T^ -T  ) / ( T ^  - T  ) ,  is p l o t t e d
2 in ou t
a g a i n s t  the  t ime group, o 0 /R  . The s lo pe  should be
- [ 1  -  / (WcCpC) ] ( 3 U R / k j ) . Thus, f o r  any p a r t i c u l a r  run once the
o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  has been d e te rm ine d  the s lo pe  can be
e v a l u a t e d .  S ince  a t  9 = 0 ,  the te m p e ra tu re  d i f f e r e n c e  is (T^ - T  ) ,
in out
the  temperature  d i f f e r e n c e  r a t i o  is equal  to  one a t  9 ■ 0. A f t e r  the  
t h e o r e t i c a l  l i n e  is drawn, the exp e r im e n ta l  da ta  can be s i m i l a r l y  
p l o t t e d  f o r  comparison purposes.
Th is  has been done f o r  two runs in F igures  28 and 29.  The 
t h e o r e t i c a l  l i n e s  a re  drawn as s o l i d  l i n e s  w h i l e  the  e xper im enta l  
p o in ts  a re  not connected by a l i n e .  I t  can be seen from these  
f i g u r e s  t h a t  the exper im enta l  da ta  f a l l s  c lo se  to  the t h e o r e t i c a l  
1 i ne.
The main s i g n i f i c a n c e  o f  the two f i g u r e s  is t h a t  the exp er im en ta l  
data  l i e  roughly  on a s t r a i g h t  l i n e ,  e s p e c i a l l y  i f  the i n i t i a l  and 
f i n a l  p o in ts  a re  n e g le c te d .  The s t r a i g h t  l i n e  in d ic a t e s  t h a t  the  
o v e r a l l  c o e f f i c i e n t  is not a f u n c t io n  o f  t im e .
The two runs used f o r  F ig u re  28 and F ig u re  29 were a t  low f lo w  
r a te s  of  the phases.  H igher  f lo w  r a t e s  r e s u l t e d  in g r e a t e r  backmixing  
and t h e r e f o r e  the runs a t  h ig h er  f l o w  ra te s  d id  not have p lo t s  as 
smooth as those shown. Th is  method f o r  d e te rm in in g  the  t ime dependency 
o f  the o v e r a l l  c o e f f i c i e n t  a ls o  depends upon an assumption o f  c o u n te r -  
c u r r e n t  f lo w .
5 .  Exper im enta l  Results
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a re  summarized in Tables  IV,
V and V I .  Each t a b l e  is f o r  a d i f f e r e n t  drop s i z e .  Ta b le  IV g ives  
the f i n d i n g s  f o r  medium s iz e d  drops.  These drops were produced by 
the d i s t r i b u t o r  w i t h  0 .0 6 2 5  inch o r i f i c e s ,  y i e l d i n g  drops o f  about  
0 .1 9 2  inch d iam eter  ( 0 . 0 1 6  f t ) .  T a b le  V is  f o r  small  drops from  
0 .0 ^ 0 0  inch d iam e te r  o r i f i c e s  w i t h  an average drop s i z e  o f  about














FIGURE-29. Temperature Difference Ratio vs The Time Group
For Run Number Two
These drops had a d ia m e te r  o f  about 0 .2 5 2  inches (0 .0 2 1  f t )  and 
were produced w i t h  ho les  d r i l l e d  0 .0 9 3 7  inches in d ia m e te r .
Twenty runs were made f o r  each drop s i z e .  Runs were made w i t h  
o i l  mass v e l o c i t i e s  o f  4 00 2 ,  6028 ,  8004 ,  and 9980 l b / h r  f t 2 through  
the  column. For each o i l  r a t e ,  f i v e  d i f f e r e n t  w a t e r  r a t e s  were used.  
The mass v e l o c i t i e s  were 2524,  5056 ,  7578,  10 ,106  and 12 ,600  
l b / h r  f t 2 .
O e t a i l e d  data  and r e s u l t s  a r e  g iven  f o r  each run in Appendix C. 
The heat  t r a n s f e r  c o e f f i c i e n t  and the h e ig h t  o f  a t r a n s f e r  u n i t  a re  
g iven  both f o r  the  whole  column and f o r  the  c e n t r a l  p o r t i o n  of  the  
column. The v a lu e s  f o r  the c e n t r a l  p o r t i o n  o f  th e  column were  
c a l c u l a t e d  as d iscussed in the  s e c t io n  c o n ce rn in g  the e l i m i n a t i o n  
o f  end e f f e c t s  and as i l l u s t r a t e d  in F ig u r e  25» These v a lu e s  do not  
in c lu d e  end e f f e c t s  but t h e i r  acc ura cy  depends upon how c l o s e l y  the  
c a l c u l a t e d  te m p e ra tu re  p r o f i l e s  match the a c t u a l  te m p e ra tu re  p r o f i l e s  
which e x i s t  in the column.
The te m p e ra tu re  p r o f i l e s  f o r  each phase a r e  l i s t e d  in Appendix C. 
The column s e c t io n s  ment ioned in c o n n e c t io n  w i t h  te m p e ra tu re  p r o f i l e s  
a re  those shown in F ig u r e  26.  As shown in F ig u r e  26,  a column s e c t io n  
extends from one thermocouple  to  the  n e x t .  The l a s t  te m pera tu re s  in 
the  columns a re  f o r  the i n l e t  w a t e r  te m p e ra tu re  and the  o u t l e t  o i l  
t e m p e r a tu re .  The heat  t r a n s f e r  c o e f f i c i e n t  f o r  each column s e c t io n  
is a l s o  g iv e n .
These r e s u l t s  were c a l c u l a t e d  us ing  an IBM 7040 d i g i t a l  computer.  
The program was w r i t t e n  in m o d i f i e d  F o r t r a n  f o r  a c o m p i le r  known as 
" W a t f o r . "  The program is  g iv en  as Appendix B.
T a b l e  IV
Data S- Results fo r  Medium Drops ( Or i f i
Mass Mass
Run V e lo c i  t y V e l o c i t y
No. G_ D UD C F
1 5673 2523 0 .0 1 5 3 0 .1 5 8 14.9
2 5673 5045 0 .0 1 5 7 0 .1 8 3 2 1 .8
3 5673 7567 0 .0 1 4 5 0 .2 0 8 2 0 .0
4 5673 10 ,090 0 .0 1 7 2 0 .231 2 1 .2
5 5673 12,613 0 .0 1 6 4 0 .2 7 2 18.5
6 3850 2524 0 .0 1 6 4 0 .0 7 6 2 0 . 9
7 3850 5045 0 .0 1 9 3 0 . 0 8 4 2 7 .3
8 3698 7568 0 .0 1 9 8 0 .0 9 0 2 7 .8
9 3850 10,090 0 .0 1 8 9 0 .0 9 5 2 8 .2
10 3850 12 ,613 0 .0 1 9 8 0 .1 1 0 27 -5
1 1 7396 2524 0 .0 1 4 6 0 . 2 3 9 2 0 .3
12 7396 5046 0 .0 1 4 4 0 .3 1 3 2 3 .7
13 7396 7569 0 .0 1 5 6 0 .381 16.7
14 6990 10,090 0 .0 1 7 2 0 .4 4 8 16.5
15 6990 12,613 0 .0 1 7 2 0 .5 1 6 14.1
17 9979 2524 0 .0 1 6 4 0 .3 7 3 10 .9
18 9979 5047 0 .0 2 0 7 0 .4 8 2 10.7
19 9979 7571 0 .0 2 0 4 0 .5 3 0 14.9
20 9979 10,090 0 .0 2 0 7 0 .5 4 6 14.7
21 9979 12,613 0 .0 2 0 7 0 .5 5 7 13 .4
"See Table I I I .
S i z e  = 0 . 0 6 2 5  in c h e s )
U . HTU .vo) od





582 3 .3 2
713 2 .7 2
763 2 .4 5
858 2 . 2 6
917 2 . 0 9





1494 3 -5 2
1503 3-31
2329 2 .1 8
2317 2 .1 9
2157 2-31
Type of Column Behavior"
Pseudo Ideal Behavior 
Pseudo Ideal Behavior 
Psuedo Ideal Behavior 





Pseudo Ideal Behavior 
Pseudo Ideal Behavior
Backmixing 
Backm ix i ng 
Backmixi ng
Coalescence and Backmixing 
Coalescence and Backmixing
Backmix ing
Coalescence and Backmixing 
Coalescence and Backmixing 
Coalescence and Backmixing 
Flood ing
oo
T a b l e  V
D a ta  & R e s u l t s  f o r  Smal l  Drops ( O r i f i c e  S i z e  -  0 . 0 4 0 0  inc h es )
Mass Mass





31 4002 2526 0 .00 905 0 .1 3 0
32 4002 5031 0 .0 0 9 0 6 0 .1 6 8
33 4002 7576 0 .0 0 87 2 0 .1 9 3
3^ 4002 10,102 0.00881 0 .2 2 8
35 4002 12,620 0 .01 05 0 .2 5 8
36 6028 2526 0 .0 0 9 3 6 0 .1 9 3
37 6028 5051 0 .0 1 0 0 0 .2 3 7
38 6028 7578 0 .0 1 1 3 0 .2 8 8
39 6028 10,102 0 .0 1 1 0 0 .3^5
40 6028 12,628 0.0121 0 .3 7 9
41 8004 2527 0 .0 1 0 4 0 - 3 ) 3
42 8004 5053 0 .0 1 0 6 O.383
43 8004 7578 0 .0 1 2 5 0 .411
44 8004 10,102 0 .0 1 3 3 0 .4 7 0
45 8004 12 ,628 0.0121 0 .5 2 5
46 9979 2531 0 .0 1 2 0 0 .3 8 2
47 9979 5056 0 .0 1 0 8 0 .5 0 9
48 9979 7584 0 .0 1 1 8 0 .5 3 2
49 9979 10,102 0 .0 1 43 0 .5 4 9
50 9979 12,628 0 .0 1 4 6 0 .5 85
U U . vol HTU . od Type of Column Behav ior"
14.35 1234 1.63 Ideal Behavior
2 1 . 8 4 2424 0 .8 2 8 Pseudo Ideal Behavior
19.76 2625 0 .7 6 9 Pseudo Idea 1 Behavior
17.15 2580 0 .7 7 8 Backmixi ng
18.42 2724 0 .7 4 2 Coalescence and Backmix i ng
17.72 2193 1 .39 Backmixing
13.5 1920 1.58 Backmix ing
13.6 2088 1.459 Backmixing
12.1 2273 1.338 Backmixing
12.02 2261 1.34 Coalescence and Backmix i ng
7 .1 3 1286 3 . 1 ^ Backmixing
8 . 6 4 1872 2 .1 5 Coalescence and Backmixi ng
9 .8 8 1955 2 . 0 4 Coalescence and Backmixi ng
9 -87 2079 1.93 Coalescence and Backmix ing
7 .2 9 I 898 2 .1 2 Coalescence and Backmixing
7-35 1408 3 -5 8 Backmixing
5 - 9 9 1690 2 .9 6 Coalescence and Backmixing
6 .1 5 1664 2 .9 9 Coalescence and Backmixing
8 .4 3 1933 2 .5 8 Flood i ng
8 .41 2009 2 . 4 9 Flooding
~See T a b l e  I I I .
'•j
VD
T a b l e  VI
D a ta  & R e s u l t s  f o r  L a r g e  Drops ( O r i f
Mass Mass
Run V e lo c i  ty Veloc  i t y
No. Gn G_ D UD C F
51 4002 2524 0 .0 2 1 8 0 .0 8 35 2 2 . 2 4
52 4002 5049 0 .0 2 1 4 0 .0 8 7 2 5 -7 0
53 4002 7571 0 .0 2 3 0 0 .0 9 0 2 6 .0 0
54 4002 10,102 0 .0 2 2 5 0 .0 9 3 3 2 9 .1 0
55 4002 12,628 0 .0 2 2 5 0 .0 9 9 7 3 0 .4 9
56 6028 2525 0 .0 2 0 6 0 .1 1 3 9 2 5 -4 0
57 6028 5049 0 .0 2 1 4 0.1281 2 8 . 3 0
58 6028 7573 0 .0 2 0 3 0 .1 3 7 3 3 1 .6 0
59 6028 10,102 0 .0 2 0 3 0 .1 4 4 3 2 . 9 0
60 6028 12,628 0 .0 2 1 0 0 .1 6 5 2 9 .4 0
61 8004 2524 0 .0221 0 .161 2 8 .3 0
62 8004 5049 0 .0 2 0 7 0 .1 9 0 3 0 .1 0
63 8004 7573 0 .0 2 0 4 0 .2 0 7 3 2 .1 0
64 8004 10,102 0 .0 2 2 3 0 .2 2 3 3 1 . 4
65 8004 12 ,628 0 .0 2 1 0 0 .2 8 6 2 5 .2
66 9980 2524 0 .0 1 9 0 0 .2 2 9 3 0 .5
67 9980 5049 0 .0 2 1 4 0 .2 9 7 3 1 .0
68 9980 7573 0 .0 2 2 0 0 . 3 0 9 3 1 .2
69 9980 10 ,102 0 .0 2 2 6 0 .351 2 5 .8
70 9980 12 ,628 0 .0 2 0 7 0 .5 1 3 14. 1
"See T a b l e  I I I .
ce S i z e  = 0 . 0 9 3 7  in c h e s )
u 1 vol HTU , od Type o f  Column Behavior
512 3 .9 3 Ideal  Behavior
629 3 .1 9 Idea l  Behavior
658 3 .0 3 Idea l  Behavior
754 2 .6 5 Pseudo Idea l  Behavior
809 2 .4 8 Psuedo Ideal  Behavior
770 3 . 9 4 Idea l  Behavior
1054 2 .8 8 Pseudo Ideal  Behavior
1220 2 . 4 9 Pseudo Id e a l  Behavior
1405 2 .1 6 Pseudo Idea l  Behavior
1438 2 .  10 Backmix ing
1240 3 .2 5 Pseudo Idea l  Behavior
1711 2 . 3 4 Backmixi  ng
1819 2 .  19 Backmix i ng
1893 2.11 Coalescence and Backmixing
2058 1 .9 4 Coalescence and Backmixing
2209 2 . 2 6 Pseudo Idea l  Behavior
2480 2 .0 0 Backmixing
2614 1 .90 Coalescence and Backmixing
2403 2 .0 7 Coalescence and Backmixing




I .  C o r r e l a t i o n s  o f  the H e igh t  o f  a T r a n s f e r  U n i t
Equat ion  ( 2 - 4 6 )  in d i c a t e s  t h a t  the  o v e r a l l  h e ig h t  o f  a t r a n s f e r
u n i t ,  H T U ^ ,  is a f u n c t i o n  o f  the r a t i o  o f  the  mass v e l o c i t i e s ,
29
^ d ^ c *  p e r r y ' s Handbook g ives  examples o f  c o r r e l a t i o n s  between  
th ese  q u a n t i t i e s  f o r  v a r io u s  systems. For t h i s  reason, the H T U ^  
va lue s  found in t h i s  re se a rc h  should be r e l a t e d  to  the mass v e l o c i t y  
r a t  io .
F ig u r e  30 shows a p l o t  o f  the HTU . versus G./G  f o r  the  v a r io u sod d c
2
drop s iz e s  a t  the low d is c o n t in u o u s  phase f lo w  r a t e ,  G  ̂ *  4002  l b / h r  f t  . 
As can be seen from F ig u re  30,  s e p a ra te  s t r a i g h t  l i n e s  r e s u l t  f o r  each  
drop s i z e  when the p l o t  is made on l o g - l o g  p a p er .  The top l i n e  is 
f o r  l a rg e  drops,  i n d i c a t i n g  t h a t  f o r  a p a r t i c u l a r  set  o f  f lo w  ra te s  
the  la rg e  drops have the l a r g e s t  HTUq(j. The l a rg e  drops have the  
h ig h e s t  HTUoj  because they possess the  l e a s t  i n t e r f a c i a l  a rea  per  u n i t  
volume o f  column a t  any g iven  s e t  o f  f l o w  r a t e s .  The HTUQ£j is 
i n v e r s e l y  p r o p o r t i o n a l  to  the  i n t e r f a c i a l  a re a  per  u n i t  volume, a ,  
as shown by the  e q u a t io n :
HTUod ■ <5- ' >
Ua
Hence,  the l a r g e  drops have the h ig h e s t  HTUqc| and small  drops have 
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FIGURE-30. Overall Height of Transfer Unit vs. Ratio of Mass 
Flow Rates of Phases For Various Drop Sizes
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Equation  ( 5 - 1 )  a ls o  i n d i c a t e s  t h a t  th e  HTUqj  depends upon the  
mass v e l o c i t y  o f  the  d isco n t in u o u s  phase,  G^. T h is  means t h a t  a 
d i f f e r e n t  H T U ^  should be expected f o r  each o f  the  fo u r  o i l  f lows  
used, a t  any g iven  G j /G c r a t i o .  In F ig u r e  31 the fo u r  d i f f e r e n t  
l i n e s  t h a t  r e s u l t  f o r  the f o u r  d is c o n t in u o u s  phase mass v e l o c i t i e s  
a re  shown. Th is  p l o t  is f o r  la rg e  drops o n ly .
I f  the  mass v e l o c i t y  r a t i o ,  G(j /G c , in F ig u r e  31 is re p la c ed  as 
the a b s c is s a  o f  the  p l o t  by the v e l o c i t y  r a t i o  o f  the phases,  
ud/ u c , i t  is i n t e r e s t i n g  t o  observe  t h a t  the data  p o in ts  f a l l  about  
one l i n e  as shown in F ig u re  32.  Thus, us ing  the  v e l o c i t y  r a t i o  
e l i m i n a t e s  s e p a r a te  l in e s  f o r  each mass v e l o c i t y  o f  the d is co n t in u o u s  
phase.
F ig u re  33 shows the H T U ^  f o r  each drop s i z e  p l o t t e d  as a f u n c t io n  
of  the phase v e l o c i t y  r a t i o ,  u ^ /u c . The d is ta n c e s  between the v a r io u s  
l in e s  on t h i s  graph and some c r o s s - p l o t t i n g  i n d ic a t e d  t h a t  i f  the  
HTUod was d iv id e d  by the drop d ia m e te r ,  D, f o r  each p o i n t ,  a s i n g l e -  
l i n e  graph could  r e s u l t .
T h is  suggest ion  was c a r r i e d  out and the r e s u l t s  a r e  shown in 
F ig u re  3*+- The o r d i n a t e  o f  the  p l o t  is HTUo(j /D  w i t h  the  v e l o c i t y  
r a t i o  as the  a b s c is s a .  For the low o i l  r a t e  used the p o in ts  l i e  
v e ry  c lo s e  to  one s i n g l e  s t r a i g h t  l i n e .
F ig u re  35 is s i m i l a r  to  F ig u re  3^ but a l l  o f  the data  p o in ts  a re  
used except  f o r  a few p o in ts  which were d is c a rd e d  because severe  back-  
m ix in g  in the  run caused the  p o in ts  to  be in e r r o r .  The l i n e  in 
F ig u re  31* was determined by a l e a s t  squares a n a l y s i s .  The e q u a t io n  o f  
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Th is  should be a v e ry  v a l u a b l e  e q u a t io n .  I t  g ives  the o v e r a l l  
h e ig h t  o f  a t r a n s f e r  u n i t  in terms o f  key system v a r i a b l e s ,  the phase 
v e l o c i t i e s  and the drop d ia m e t e r .  T h e r e f o r e ,  i t  is  r e a d i l y  usab le  f o r  
design c a l c u l a t i o n s .  I t  is un ique  in i t s  a b i l i t y  t o  p r e d i c t  the  
e f f e c t  o f  drop s i z e  upon the  s i z e  o f  the  column needed.
The e q u a t io n  is l i m i t e d  to  the system used, Humbletherm 500 and 
w a t e r .  However, i t  is q u i t e  l i k e l y  t h a t  the  form o f  the  e q u a t io n  is 
a p p l i c a b l e  to  o t h e r  systems. The d a ta  o f  Garwin and S m i t h , f o r  
a system o f  benzene d is p e rs e d  in w a t e r ,  is p l o t t e d  in F ig u r e  36 to  
check the  a p p l i c a b i l i t y  o f  E qua t ion  ( 5 - 2 )  to  t h e i r  d a t a .  From the  
p l o t  i t  appears t h a t  t h e i r  d a ta  could  be w e l l  approximated  by an 
e q u a t io n  s i m i l a r  to  Equat ion  ( 5 - 2 ) .  The s lo pe  appears to  be about  
the same as f o r  F ig u re  35 but the H T U ^ /D  v a lu e s  a r e  lower f o r  s i m i l a r  
v e l o c i t y  r a t i o  v a l u e s .
The s lope  and p o s i t i o n s  o f  the  l i n e  in the  p l o t s  shown in F ig u res  
35 and 36 p ro b a b ly  depend upon the  p h y s ic a l  p r o p e r t i e s  o f  the  l i q u i d s  
which compr ise the system. I f  t h i s  proves to  be the case and a 
f u n c t i o n a l  r e l a t i o n s h i p  can be e s t a b l i s h e d  between the q u a n t i t i e s ,  
t h i s  method o f  p r e d i c t i n g  the o v e r a l l  h e ig h t  o f  a t r a n s f e r  u n i t  
would be more g e n e r a l l y  a p p l i c a b l e .
The s c a t t e r  o f  d a ta  in F ig u re  35 can be a t t r i b u t e d  to  two main  
causes.  The f i r s t  cause was backmix ing o f  the  phases.  S ince  the  
HTUod was c a l c u l a t e d  us ing the  assumption o f  p lug  f lo w  o f  the  phases,  
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The second cause was e r r o r s  in the  measurement o f  the drop d ia m e te r .  
For those runs w i th  c o n s id e ra b le  coalescence the drop d iamete r  
d e te r m in a t io n  was d i f f i c u l t  because o f  the la rg e  range o f  drop s ize s  
present  and due to the e r r a t i c ,  n o n -s p h e r ic a l  shape o f  the  l i q u i d  
slugs  p r e s e n t .  Some runs w i th  small  drops were not included in F ig u re  
35 because the r e s u l t s  were f e l t  to  be poor because o f  the above 
d i f f  i cu11 i e s .
2
The c o e f f i c i e n t  o f  c o r r e l a t i o n ,  R , f o r  the q u a n t i t i e s  p l o t t e d  
in F ig u re  35 is 0 .5 2 .  The v a lue  r e f l e c t s  the s c a t t e r  o f  the da ta .  
However, the p r o b a b i l i t y  t h a t  a c o r r e l a t i o n  e x i s t s  between the  
q u a n t i t i e s  exceeds 99 p e rce n t .
2. C o r r e l a t io n s  o f  the V o lu m et r ic  Heat T r a n s f e r  C o e f f i c i e n t
Most o f  the i n v e s t i g a t o r s  o f  spray column heat t r a n s f e r  have
repor ted  t h e i r  f i n d i n g s  in terms o f  v o lu m e t r i c  heat t r a n s f e r  c o e f -
| | Q -Ig
f i c i e n t s .  ’ * The v o lu m e t r i c  heat t r a n s f e r  c o e f f i c i e n t ,  U , ,  is
*  v o  r
convenient to  use and e v a lu a t e  because i t s  use r e q u i re s  no knowledge 
o f  the i n t e r f a c i a l  c o n ta c t  a rea  between the phases.  I t  is r e l a t e d  to  
the o v e r a l l  h e ig h t  o f  a t r a n s f e r  u n i t  by the equat ion:
H T U ,  = d pd (5 - 3 )
°  U . vol
I t  can be seen from t h i s  e quat ion  t h a t  i t  is easy to co n v e r t  the  
v o lu m e t r i c  heat t r a n s f e r  c o e f f i c i e n t  to the  h e ig h t  o f  a t r a n s f e r  
u n i t  and v ic e - v e r s a .
F igure  37 i l l u s t r a t e s  the r e l a t i o n s h i p  o f  the o v e r a l l  v o lu m e t r ic  
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is f o r  runs made w i t h  l a rg e  drops.
The inc rea se  o f  the v o lu m e t r i c  heat  t r a n s f e r  c o e f f i c i e n t  w i t h  
increased  f lo w  can be a t t r i b u t e d  p r i m a r i l y  to  an in c rea se  in holdup  
o f  the d is co n t in u o u s  phase.  The holdup increases  w i th  increases  o f  
e i t h e r  phase f lo w  r a t e  as shown in F ig u re s  15, and 16. The v o lum et ­
r i c  c o e f f i c i e n t  is d i r e c t l y  r e l a t e d  to  the  i n t e r f a c i a l  a rea  between 
the phases;
U , = Ua ( 1 - 1 )vol  7
S ince  the  i n t e r f a c i a l  c o n t a c t  a r e a ,  a ,  is a l i n e a r  f u n c t i o n  o f  the  
holdup,  the  v o l u m e t r i c  c o e f f i c i e n t  is s i m i l a r l y  dependent upon the  
holdup in the column.
F ig u re  38 is s i m i l a r  to  F ig u re  37 except  t h a t  i t  is f o r  medium­
s iz e d  drops .  The p o in ts  f o r  the medium-sized drops in F ig u re  38 
do not c o r r e l a t e  as smoothly as the p o in ts  f o r  the la rg e  drops d id  
in the  p re v io u s  f i g u r e .  The g r e a t e r  s c a t t e r  is due to  increased  
backmixing o f  the phases w i t h  the medium-sized drops.  The p l o t  in d i c a t e s  
t h a t  a t  the h ig h e s t  d isc o n t in u o u s  phase f lo w  r a t e  backmixing is so 
severe  t h a t  the c a l c u l a t e d  va lu e s  o f  the  v o l u m e t r i c  heat t r a n s f e r  
c o e f f i c i e n t  a r e  a c t u a l l y  less than the v a lu e s  f o r  a lower d is c o n t in u o u s  
phase f lo w  r a t e .
As p r e v i o u s l y  n o te d ,  the small  drops were even more prone to  
backmixing than the  medium drops.  T h e r e f o r e ,  the p l o t  o f  the  v o l u m e t r i c  
heat t r a n s f e r  c o e f f i c i e n t s  f o r  smal l  drops showed g r e a t  s c a t t e r  o f  
the p o in ts  f o r  a l l  d is co n t in u o u s  phase f lo w  r a t e s  e xcept  the  lowest  
r a t e .  S ince  t h i s  p l o t  gave l i t t l e  in f o r m a t i o n ,  i t  is not in c lude d .
| ^g

















FIGURE-38. Volumetric Heat Transfer Coefficient vs. Water Rate
For Medium-sized Drops
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between t h e  v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t  and th e  f r a c t i o n a l  
h o ldup  in th e  column.  The r e s u l t s  of  t h i s  r e s e a r c h  s u b s t a n t i a t e  t h i s  
f i n d i n g  as shown by F i g u r e  39*
3 -  C o r r e l a t i o n s  o f  th e  Hea t  T r a n s f e r  C o e f f i c i e n t
A t  th e  s t a r t  o f  t h i s  r e s e a r c h  i t  was hoped t h a t  s e v e r a l  o b j e c t i v e s  
c o u ld  be a t t a i n e d .  One o b j e c t i v e  was t o  d e t e r m in e  the  o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  f o r  a range o f  o p e r a t i n g  c o n d i t i o n s  and drop  
s i z e s ,  t h e r e b y  p r o v i d i n g  a v a l u a b l e  s t o r e  o f  e x p e r i m e n t a l  d a t a .  The  
second o b j e c t i v e  was to  d e v i s e  a means o f  s e p a r a t i n g  th e  o v e r a l l  
h e a t  t r a n s f e r  c o e f f i c i e n t  i n t o  i n d i v i d u a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  
f o r  t h e  phases .  The f i n a l  o b j e c t i v e  was t o  c o r r e l a t e  t h e  i n d i v i d u a l  
c o e f f i c i e n t s  in m o d i f i e d  N u s s e l t  e q u a t i o n s  and compare th e  r e s u l t s  
t o  the  c o r r e l a t i o n s  d e v e lo p e d  f rom  t h e o r e t i c a l  c o n s i d e r a t i o n s  and 
f ro m  s i n g l e  drop s t u d i e s .
These o b j e c t i v e s  were  not c o m p l e t e l y  a t t a i n e d .  However ,  c o n s i d ­
e r a b l e  i n f o r m a t i o n  was o b t a i n e d  and some e x p e r i m e n t a l  t e c h n iq u e s  were  
d e ve lope d  which s h ou ld  p ro ve  v a l u a b l e  in f u t u r e  r e s e a r c h .  The re s e a rc h  
proved  t h a t  i t  is  p r a c t i c a l  to  d e t e r m in e  i n t e r f a c i a l  a r e a  by p h o to ­
g r a p h i c  means and some n ove l  p h o t o g r a p h i c  t e c h n iq u e s  w ere  used.
The o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  was measured f o r  a l l  
s i x t y  e x p e r i m e n t a l  runs which  encompassed th e  c om ple te  range o f  
o p e r a t i n g  c o n d i t i o n s  f o r  a l l  t h r e e  drop s i z e s .  The r e s u l t s  a r e  p l o t t e d  
as a f u n c t i o n  o f  th e  c o n t in u o u s  phase f l o w  r a t e  in F i g u r e s  4 0 ,  4 l  and 
b 2 .  Each p l o t  is  f o r  a d i f f e r e n t  drop s i z e .
As i n d i c a t e d  by F i g u r e s  bO, 41 and b 2 , th e  o v e r a l l  h e a t  t r a n s f e r  
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ra te .  With some exceptions, i t  increases with  increases of continuous 
phase flow up to a point ,  a f t e r  which i t  decreases with fu r the r  
increases of  the continuous phase flow ra te .  This is espec ia l ly  
true fo r  the large drops.
The r a t h e r  complex beh av io r  o f  the  o v e r a l l  heat  t r a n s f e r  c o e f ­
f i c i e n t  is p ro b a b ly  the r e s u l t  o f  two opposing f o r c e s .  The i n i t i a l  
increases  o f  f l o w  inc rea se  the  Reynolds numbers f o r  the  two phases  
and reduce the  t h ic k n e s s  o f  the  boundary l a y e r s ,  th e re b y  b r i n g i n g  
about an in c re ase  in  the o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t .  F u r t h e r  
inc re ase s  o f  f l o w  have the e f f e c t  o f  in c re a s in g  the  amount o f  back-  
m ix ing  in the column, th e re b y  low er ing  the  e f f e c t i v e  te m p e ra tu re  
d i f f e r e n c e  in the column. S ince  the backmix ing is not taken in to  
account in the  c a l c u l a t i o n  o f  the heat  t r a n s f e r  c o e f f i c i e n t ,  t h i s  
causes a r e d u c t io n  in th e  c a l c u l a t e d  v a l u e .  For t h i s  reason,  back-  
m ix in g  causes an a p p are n t  decrease  in the  o v e r a l l  heat  t r a n s f e r  c o e f ­
f i c i e n t .
F ig u re s  40 ,  4 l  and h i  a l s o  i l l u s t r a t e  t h a t  h ig h e r  heat t r a n s f e r
c o e f f i c i e n t s  a re  o b ta in e d  f o r  l a r g e  drops than f o r  small  drops.  The
range of values fo r  the heat t ran s fe r  c o e f f ic ie n t  was 1*+ to 32
BTU/hr f t ^ ° F  f o r  l a r g e  drops,  10 to  28 BTU/hr f t ^ ° F  f o r  medium drops,
2
and 7 to  22 BTU/hr f t  °F f o r  smal l  d rops .  The in c re a se  in th e  heat  
t r a n s f e r  c o e f f i c i e n t  w i t h  in creased  drop s i z e  is p ro b a b ly  due to  
in c re ases  in the  amount o f  i n t e r n a l  drop c i r c u l a t i o n .  As shown in 
the  th e o ry  s e c t i o n ,  the  amount o f  i n t e r n a l  c i r c u l a t i o n  in the  drop  
depends upon the drop s i z e .
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One o b j e c t i v e  o f  t h i s  re search  was to  s e p a r a te  th e  o v e r a l l  heat  
t r a n s f e r  c o e f f i c i e n t  i n t o  i n d i v i d u a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  
the  phases.  An a t t e m p t  was made to  f i n d  a genera l  method f o r  e v a l u a t i n g  
the  i n d i v i d u a l  heat  t r a n s f e r  c o e f f i c i e n t s  but the  method was not  
s u c c e s s f u l .  However, f o r  the  system used in t h i s  re s e a rc h ,  the  
i n d i v i d u a l  c o e f f i c i e n t s  can be e v a lu a t e d  because the r e s i s t a n c e  to  
heat t r a n s f e r  o f  one phase is c o n t r o l l i n g .
Equat ions  ( 2 - 1 0 )  and ( 2 - 1 1 )  show t h a t  the  r e s i s t a n c e  to  heat  
t r a n s f e r  l i e s  m a in ly  in the d is p e rs e d  phase.  These e q u a t io n s  g iv e  
the range o f  va lues  p o s s ib le  f o r  the  c ont inuous  phase heat t r a n s f e r  
c o e f f i c i e n t .  Thus,  i f  the minimum v a lu e  o f  the  continuous  phase heat  
t r a n s f e r  c o e f f i c i e n t  is c o n s id e r a b ly  h ig h e r  than the  measured o v e r a l l  
h e a t  t r a n s f e r  c o e f f i c i e n t ,  the con c lu s io n  is t h a t  the main r e s i s t a n c e  
to  h ea t  t r a n s f e r  l i e s  in the  d is c o n t in u o u s  phase l i q u i d .
T a b le  V I I  g iv es  the  va lues  o f  the  heat t r a n s f e r  c o e f f i c i e n t s  f o r
the phases.  I t  shows t h a t  the minimum v a lu e  o f  the  cont inuous  phase
heat t r a n s f e r  c o e f f i c i e n t ,  h , is  about 30 to  50 t imes g r e a t e r  thanc
the  measured v a lu e  o f  the o v e r a l l  h ea t  t r a n s f e r  c o e f f i c i e n t .  Th is  
means t h a t  when the  v a lu e  o f  the cont inuous  phase r e s i s t a n c e  to  heat  
t r a n s f e r ,  1/h is compared to  the o v e r a l l  r e s i s t a n c e ,  1 /0 ,  the  
r e s i s t a n c e  of  the cont inuous  phase is e s s e n t i a l l y  n e g l i g i b l e .  T h e re ­
f o r e ,  the  p r i n c i p a l  r e s i s t a n c e  must l i e  in the  d is c o n t in u o u s  phase.
The va lues  o f  th e  d is co n t in u o u s  phase heat  t r a n s f e r  c o e f f i c i e n t s  
a r e  shown in T a b le  V I I .  They were c a l c u l a t e d  by means o f  Equat ion  
( 2 - 4 ) ,  us ing  the minimum v a lu e  o f  the  continuous phase heat  t r a n s f e r  
c o e f f i c i e n t  and the  e x p e r i m e n t a l l y  de te rm ined  v a lu e  o f  the o v e r a l l
T a b l e  V I I
Heat Transfer Coe f f ic ien ts  for  the Individual Phases
*  ... . * *  . . . , * * *  Maximum Minimum Measured Value of
_ .. . . Value of Value of Value of h ,  by inRun Number and , , .. d ' ,_ . . h n u _ . , ,  lDescription c c D if ference
6 Med ium Drops
Low Flows 2460 708 2 0 - 9  21 .5
5 Medium Drops 
Moderate  O i l  Flow
High Water Flow 1950 562 18.5  19-15
31 Small Drops
Low Flows 2340 816 14 .35  14.60
40 Small Drops
Moderate  O i l  Flow
High Water Flow 2180 650 12.02  12.25
51 Large Drops
Low Flows 2035 600  2 2 . 2 4  23-1
60 Large Drops
Moderate  O i l  Flow
High Water  Flow 2070 589 2 9 -4 0  3 0 - 9
Vc
C a lc u la t e d  by Equat ion  ( 2 - 1 1 ) .  
C a l c u l a t e d  by Equat ion  ( 2 - 1 0 ) .  
C a l c u l a t e d  by E qua t ion  ( 2 - 4 ) .
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h eat  t r a n s f e r  c o e f f i c i e n t .  I t  can be seen t h a t  the  va lues  a r e  a lmost  
equal to  the  va lues  o f  the o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t .  The 
l a s t  column g ives  the perce n tage  of  e r r o r  t h a t  r e s u l t s  in assuming  
t h a t  the  d is c o n t in u o u s  phase heat  t r a n s f e r  c o e f f i c i e n t  is equal  to  the  
o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t .
S ince  the d is co n t in u o u s  phase heat t r a n s f e r  c o e f f i c i e n t  has been 
d eterm ined  i t  should be p o s s ib le  to  c o r r e l a t e  i t  in terms o f  the e x p e r i ­
mental  v a r i a b l e s .  Probab ly  the  best method f o r  doing t h i s  is to  
c a l c u l a t e  the d is co n t in u o u s  phase N u s s e l t  number and c o r r e l a t e  i t  in 
terms o f  o t h e r  d im en s ion less  groups such as the  Reynolds number and 
the P ra n d t l  number.
The p r im ary  dimension I ess groups a re  shown f o r  a l l  the  runs in 
Tables  V I I I ,  IX and X. T a b le  V I I I  is f o r  the  runs w i t h  medium drops,  
T a b le  IX is f o r  runs w i t h  small  drops,  and the f i n a l  t a b l e  is f o r  
l a rg e  drops.  The t a b l e s  show two types o f  Reynolds numbers f o r  the  
d is c o n t in u o u s  phase.  The f i r s t  Reynolds number is  based on the  
v e l o c i t y  o f  the  phase r e l a t i v e  to  a s t a t i o n a r y  p o i n t ,  o r  the a b s o lu t e  
v e l o c i t y .  The second is based on the  r e l a t i v e  v e l o c i t y  between the  
phases.  The second ty p e  o f  Reynolds number is the most t h e o r e t i c a l l y  
s i g n i f i c a n t  and is the type used in the c o r r e l a t i o n s  in the theory  
sec t  i o n .
Prev ious e x p e r ie n c e  and t h e o r e t i c a l  c o n s i d e r a t i o n s  i n d i c a t e  t h a t  
the  N u s s e l t  number should be a f u n c t i o n  o f  the  Reynolds number to  the
0 . 5  power and the P r a n d t l  number to  the 0 -3 3  power.  T h is  p r e d i c t i o n  
is v e r i f i e d  by the r e s u l t s  o f  t h i s  exper im ent  as shown in F ig u re  *+3>
T a b l e  V I I I
D i m e n s i o n l e s s  Groups f o r  Runs w i t h  Medium Drops
R eyno ld s  Number
D i s c o n t .  Phase R eyn o ld s  Number P r a n d t l  Number
Run
Number










R e la t  ive  
V e lo c i  t y  
D(ud+Uc )p
“ d
P r a n d t l  Number 
D is c o n t .  Phase
Kd
Cont i nuous 
Phase 
Du p
' /  c>










4 . 3 6
3 .2 0
4 . 8 0
4 .0 1





2 4 . 3
19.3  








3 3 - 8
6 2 .5













4 . 5 4
6 .9 7
7 .9 8  
7 - 5 9  
7 .8 0
3 7 . 4
3 7 . 8
3 4 .5
2 8 .8  
2 2 . 9
3 8 . 9
4 1 . 2








2 8 . 8  




4 . 2 9  
4 . 5 3  
4 . 8 6  



























4 0 . 7
79-3
124.0
169 .0  
2 1 2 .0
3 .3 0
4 . 2 4








2 . 3 6
2 .7 2
4 . 0 8
4 . 0 2
3 -6 7





2 4 . 3
2 2 . 3
2 3 .3









2 1 1 . 0
2 6 7 .0
3 33 -0
2 .9 5
4 . 0 0
4 . 3 5
4 . 8 6
5 -0 0
T a b l e  IX
D i m e n s i o n l e s s  Groups f o r  Runs w i t h  S m al l  Drops
R ey n o ld s  Number






< r - >d
Reynolds Number 
Discont. Phase
i , U A )
“ d
Relat  ive 
Veloc i ty






Cont i nuous 
Phase 
Du p

















6 . 3 6
4 . 9 7
3 -7 4
3 -9 7
1 1.70  
7 - 5 6  
6 .6 5  
5 . 8 9  
7 -2 3
2 0 7 .1 9  
2 9 2 .6 2  
3 0 7 .3 2  
3 3 2 .4 2  
3 3 1 .0 5
17 .24
3 1 .6 8
4 4 .6 5
6 1 .9 3
9 4 . 8 6
4 . 2 3  
4 . 9 2  
5 .  19 







2 .1 9  
1 .80  
2 .0 2  
1 .76  
1 .92
11.41  
9 -2 7  
7 -4 2  







2 1 2 .4 5
223 -5 3
2 5 6 .9 5
2 7 7 .7 6
30 1 .0 2
2 1 .5 7  
4 1 . 8 2  
69* 12 
9 3 . 8 4  
133 .69
3-85
4 . 4 4
4 . 8 9







0 . 9 8  
1 .20  
1.62  
1 .74  
1 .16
12.70  
8 .6 7  
8 . 1 6  
7 -0 7  
5 .4 8






2 0 2 .9 4
2 3 5 -8 4
2 6 2 .8 2
277 -6 2
3 0 .2 9  
5 7 -97  
9 4 .9 9  
142 .69  
176 .18
3 .4 3  
4 . 1 4
4 - 7 3  
5 .0 5






1 .16  
0 . 8 6  










13 .10  
15.85  
1 7 .40
161 .12  
199.91  
2 2 1 .5 5  
2 5 4 .6 2  
2 7 2 .1 6
4 0 . 8 6  
7 5 .2 7  
112.12  
183 .49  
2 4 5 .9 8
3 . 2 6  
4 . 0 9  
4 . 7 6  
4 .9 5  





















T a b l e  X
D im en s io n les s  Groups f o r  Runs w i t h  Large Drops
Reynolds Number
D i s c o n t .  Phase Reynolds Number P r a n d t l  Number
Nussel t Reynolds Number R e l a t i v e Prandtl  Number Continuous Continuous




0 ( u d+uc ) pd
“ d
C .p< i






v k } 
c
6 .4 0 4 8 . 6 5 0 .6 170 3 8 .9 4 .2 5
7 .2 8 4 0 . 9 4 4 .3 193 70.1 4.71
7-35 33-5 38 .2 227 101.0 4 .9 5
9 .4 8 34.5 41.1 232 142.0 5 .0 8
9 .0 8 29-5 37-3 251 173-0 5 .1 6
7 .5 8 57-6 5 9 .7 165 4 6 .6 3-76
7 .7 2 4 1 .3 45-1 190 75-2 4.41
8 .9 6 35.1 4 0 .3 220 110.0 4 .7 8
8 .8 6 2 7 .4 33*2 259 134.0 5 .0 2
7-92 22.7 29-8 270 169-0 5.11
8 .3 0 51*3 53-5 172 54.1 3 -3 9
8.51 32 .3 34 .7 219 8 5 .9 4.21
8 .0 4 2 4 .8 31 .5 256 116.0 4 .7 2
9 .25 24.1 3 0 .6 271 165.0 4 .9 4
6 .9 9 16.7 24 .7 287 207.0 5 .07
7 .6 4 36.1 38 .2 182 5 4 .2 3 .1 8
8 .4 4 26 .2 3 0 .4 221 108.0 3 .9 9
9 .0 8 22 .3 2 8 .0 258 147.0 4.61
7 .6 6 19-8 27-9 264 204 .0 4 .8 4







• -Small Drop* 






FIGURE- 4 3 .  The Discontinuous Phase Nusselt Number vs Powers 
of Discontinuous Phase Reynolds Number and Prandtl 
Number
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F ig u r e  43 is a p l o t  o f  the d is co n t in u o u s  phase N u s s e l t  number 
versus the  Reynolds num ber-Prandt l  number power grouping f o r  the  
d is co n t in u o u s  phase.  A l though t h e r e  is s c a t t e r  o f  the  d a ta  p o i n t s ,  
the  N u s s e l t  number d e f i n i t e l y  increases  w i t h  increases  o f  the power 
g roup ing .  I t  w i l l  be noted t h a t  o n ly  ten d a ta  p o in t s  appear f o r
each drop s i z e .  T h is  is because the  runs w i th  l a r g e  f lo w s  were not
used because the  da ta  p o in ts  f o r  these runs were f e l t  to  be erroneous
due to  backmixing and drop coa les ce nce .
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS
In the  course  o f  t h i s  research  s e v e ra l  aspects  o f  the  f i e l d  o f  
d i r e c t  c o n ta c t  heat t r a n s f e r  between im m is c ib le  l i q u i d s  were i n v e s t i ­
g a ted .  The spray  column was i n v e s t i g a t e d  as a heat  t r a n s f e r  de v ice  
f o r  a la rg e  range o f  o p e r a t in g  c o n d i t i o n s .  The e f f e c t  o f  drop s i z e  
upon the r a t e  o f  heat  t r a n s f e r  was d e te rm in ed .  C o n s id e ra b le  e x p e r i ­
mental  da ta  was c o l l e c t e d  and c o r r e l a t e d  in v a r io u s  ways w i t h  v a ry in g  
degrees o f  success and the t ime dependency o f  the o v e r a l l  h e a t  t r a n s f e r  
c o e f f i c i e n t  was i n v e s t i g a t e d .
Severa l  new techniques  were in t roduced  in t h i s  re s e a rc h .  The 
column was o f  an unusual de s ig n ,  being c o n s t ru c t e d  w i t h  f l a t  g lass  
fa c e s  to  make p o s s ib le  u n d i s t o r t e d  photography o f  the drops.  The 
p h oto graph ic  techn ique  o f  s im u l t a n e o u s ly  photographing the drops and 
a m e t r i c  s c a le  is unusual and t h i s  research  is perhaps the f i r s t  
a p p l i c a t i o n  o f  the te c h n iq u e .  C e r t a i n  new c a l c u l a t i o n  te chn iques  
were developed such as the method used f o r  e v a l u a t i n g  the  d is c o n t in u o u s  
phase te m p e ra tu re  p r o f i l e .
The rese arch  was unique in s e v e ra l  r e s p e c ts .  To the  best  know­
ledge o f  the a u th o r  i t  is the o n ly  rese arch  y e t  performed on d i r e c t  
c o n ta c t  heat  t r a n s f e r  between immisc ib le  l i q u i d s  in a spray column 
in which more than one drop s i z e  was used and in which the drop s iz e
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was a c t u a l l y  d e te rm in e d .  Th is  re sea rch  is p ro b a b ly  o n ly  the second 
t ime t h a t  heat t r a n s f e r  c o e f f i c i e n t s  have been de te rm ined  f o r  spray  
column heat t r a n s f e r .  A ls o ,  i t  is unusual because i t  covers  the  
whole range o f  f low s  f o r  both phases,  from v e r y  low to  f l o o d i n g .
From t h i s  re s e a rc h ,  c e r t a i n  c o n c lu s io n s  can be drawn. B r i e f l y ,  
these  a re :
1. The HTU-NTU method o f  c a l c u l a t i o n  is s im ple  and u s e f u l  f o r  
use w i t h  d i r e c t  c o n ta c t  heat  t r a n s f e r  in spray  columns. Expe r im en ta l  
data  can best be c o r r e l a t e d  in terms o f  th e  h e ig h t  o f  t r a n s f e r  u n i t s  
and the method a vo id s  some o f  the confus ing  a spec ts  o f  v o l u m e t r i c  
heat  t r a n s f e r  c o e f f i c i e n t s .
2.  For the system Humbletherm 500 and w a t e r ,  th e  e x p e r im e n ta l  
data  is w e l l  c o r r e l a t e d  in terms o f  the  h e i g h t  o f  a t r a n s f e r  u n i t  by 
the e q u a t io n :
HTU . u .  l r .Q
(------— ) = 8 8 .6  ( - i ) 0 - 1^8 (5 -2 )
D uc
3.  T h is  e q u a t io n  is v a l u a b l e  f o r  th e  des ign o f  spray  columns 
using the  same l i q u i d s  as those in t h i s  re s e a rc h .  I t  r e l a t e s  some 
key v a r i a b l e s  to  a r e a d i l y  used design  q u a n t i t y ,  the  h e ig h t  o f  a 
t r a n s f e r  u n i t .
k .  F u r t h e r  research  w i t h  o t h e r  systems may make i t  p o s s ib le  to  
g e n e r a l i z e  Equat ion  ( 5 - 2 )  by r e l a t i n g  the s lo pe  and l i n e  p o s i t i o n  to  
the p h y s ic a l  p r o p e r t i e s  o f  the  l i q u i d s  in the  system.
5 .  The v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t  can be r e l a t e d  to  
the mass v e l o c i t i e s  o f  the phases and the column holdup. However,  
the c o r r e l a t i o n s  a re  not as good or  as u s e fu l  as the  one g iven  above
1 1 1
f o r  the  h e ig h t  o f  a t r a n s f e r  u n i t .
6 .  For t h i s  system, the d is c o n t in u o u s  phase heat  t r a n s f e r  c o e f ­
f i c i e n t  was e s s e n t i a l l y  equal  to  the o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t .
7 .  The heat  t r a n s f e r  c o e f f i c i e n t  based on a rea  was d i f f i c u l t  
to  c o r r e l a t e  and e x h i b i t e d  anamalous b e h a v io r ,  such as y i e l d i n g  
unaccountab ly  low N u s s e l t  numbers f o r  the d is c o n t in u o u s  phase in 
s e v e ra l  in s ta n ce s .
8 .  The o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  is not a f u n c t i o n  o f  
the  c o n t a c t  t ime between the  two phases.
From the e x p e r ie n c e  ga ined by p e r fo rm in g  t h i s  i n v e s t i g a t i o n ,  
c e r t a i n  recommendations a re  made. The most im por tan t  o f  these a r e :
1. F u r t h e r  re search  should be done to  e v a l u a t e  eq u a t io n s  s i m i l a r  
to  Equat ion  ( 5 - 2 )  f o r  o t h e r  systems o f  im m is c ib le  l i q u i d s .
2 .  A f t e r  s ev e ra l  e q u at io n s  s i m i l a r  to  Equat ion  ( 5 - 2 )  have been 
deve loped ,  an e f f o r t  should be made to  deve lop  a genera l  e q u a t io n  o f
a s i m i l a r  type using the  p h y s ic a l  p r o p e r t i e s  o f  the l i q u i d s  to  p r e d i c t  
the  c o n s ta n t  and exponent o f  the g e nera l  e q u a t io n .
3.  A l l  f u t u r e  rese arch  on d i r e c t  c o n ta c t  heat t r a n s f e r  in a
spray  column should have some method o f  e v a l u a t i n g  the  degree  o f
backmixing in the column, such as the r a d i o a c t i v e  t r a c e r  method 
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o f  Mixon,  _et j H .  The amount o f  backmixing should be taken i n t o  
c o n s i d e r a t i o n  when the heat t r a n s f e r  c o e f f i c i e n t s ,  e t c .  a r e  c a l c u l a t e d .
4 .  Research should be c ont inue d  to  t r y  to  f i n d  a genera l  method 
to  e x p e r i m e n t a l l y  d e te rm in e  i n d i v i d u a l  phase h e a t  t r a n s f e r  c o e f f i c i e n t s  
so t h a t  t h e o r e t i c a l  e quat ions  and p r e d i c t i o n s  can be checked and 
e v a l u a t e d .  However,  the method used in t h i s  rese arch  is as good
as any o t h e r  method i f  the system is such t h a t  the r e s i s t a n c e  o f  
one phase is c o n t r o l l i n g .
N o t a t  ion 
2
A *  Area o f  heat t r a n s f e r ,  f t
2 3a = Area o f  c o n ta c t  between phases per  u n i t  volume, f t  / f t
C = C o e f f i c i e n t  in a s e r i e s  s o l u t i o n  to  the  conduct ion  e q u a t io n
C = Heat C a p a c i ty  a t  c o n s ta n t  p re s s u r e ,  BTU/ lb°F
P
D = Drop d ia m e t e r ,  f t
E = E f f i c i e n c y  o f  h e a t  t r a n s f e r  [s e e  Equat ion  ( 2 - 7 ) ]
2
G = Mass v e l o c i t y ,  l b / h r  f t  o f  cross s e c t io n
h = I n d i v i d u a l  heat  t r a n s f e r  c o e f f i c i e n t ,  BTU/hr f t ^ ° F
= F r a c t i o n a l  holdup in column 
HTU = H e ig h t  o f  a t r a n s f e r  u n i t
k = Thermal c o n d u c t i v i t y  o f  l i q u i d ,  BTU/hr f t ° F
M = Mass o f  a drop or  o f  a drop e le m e n t ,  lb
n = In t e g e r  v a l u e s ,  1, 2,  3> e t c .
NTU = Number o f  t r a n s f e r  u n i t s
N = N u s s e l t  number, h D /k  or h . D / k ,u * c c d d
Pe = P e c l e t  number, D fU j+ u ^ J /c ^  or  D ( u / o^
Pr = P r a n d t l  number, o r  Cp jp^ /k^
q = Rate o f  heat  t r a n s f e r ,  BTU/hr
R -  Radius o f  drop,  f t
r = Radius o f  s p h e r i c a l  e lement in drop,  f t




S = Cross s e c t i o n a l  a rea  o f  column, f t
T = Tem pera ture ,  °F
u = A b s o lu te  v e l o c i t y  o f  a phase,  f t / h r
U = O v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t ,  BTU/hr f t ^ ° F
U ,■ V o lu m e t r i c  heat  t r a n s f e r  c o e f f i c i e n t ,  BTU/hr f t ^vo I
V = S u p e r f i c i a l  v e l o c i t y  o f  a phase,  f t / h r
W = Mass f lo w  o f  l i q u i d ,  l b / h r
x = F i lm  th ic kn e s s  f o r  t w o - f i l m  t h e o r y ,  f t
Z “  H e ig h t  o f  Column or  h e ig h t  above the  d is p ers e d  phase d i s t r i b u t o r ,  f t
Greek L e t t e r s  
2
a  = Thermal d i f f u s i v i t y ,  f t  / h r
y  = I n t e r f a c i a l  t e n s io n ,  dynes/cm
0 = Time o f  c o n ta c t  between phases,  hrs
p, = V i s c o s i t y ,  l b / f t  hr
t t  =  3 * 1 4 1 6
p = D e n s i t y ,  l b / f t
ijj = E ig e n v a lu e  in s e r i e s  s o l u t i o n  to  conduct ion  e q u a t io n
Subscr i p ts
c = Cont inuous phase q u a n t i t y
d = D iscont inuous  phase q u a n t i t y
do = D isco n t in u o u s  phase q u a n t i t y  a t  0 = 0
1 = Va lue  a t  i n t e r f a c e  between drop and cont inuous  phase
LM = Log-mean v a lu e
n = In t e g e r  v a l u e s ,  1, 2,  3, e t c .
od -  O v e r a l l  v a lu e  based on d is c o n t in u o u s  phase te m p e ra tu re  d i f f e r e n c e
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APPENDIX A
SAMPLE CALCULATIONS
A l l  sample c a l c u l a t i o n s  w i l l  be made f o r  run number one.  
S i m i l a r  c a l c u l a t i o n s  were made, us ing the  computer,  f o r  a l l  o f  
the runs.
Data f o r  Run Number I
S e c t io n Water Temperature



















18 u  1 .3 8
19 109 .22
20 106 .99
LET & OUTLET 89 *0 6
Water Flow, Wc «= 249 *0  l b / h r
O i l  Temperature  




O i l  Flow, e 5 6 0 . 0  l b / h r  
F r a c t i o n a l  Holdup = 0 .1 5 8
Drop D ia m e te r ,  D = 0 .0 1 5 3  f t  as determined from photograph
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B. Calculat ion of Discontinuous Phase Temperature P r o f i le
T j  - T  , T -Td. d c . c.in out out in
T d “ - < T d .  - T d  > ( T C  t - V / ( T C  - T C .  > + T d .in out out out in in
T h e r e f o r e ,  f o r  T^ a t  bottom o f  s e c t io n  2
Td a t  2 = - ( 1 4 9 . 1 8  -  1 1 2 . 2 8 ) ( 1 2 8 . 8 0  -  1 2 8 . 6 6 ) / ( 1 2 8 . 8 0  -  8 9 .0 6 )  + 149.18  
= 149-05
This  procedure can be repeated  to  o b t a i n  a l l  the  d iscont inuo us
phase temperatures  a t  i n te r m e d ia te  p o in ts  in the column. The r e s u l t s
a r e  given in Appendix C.
C. C a l c u l a t i o n  o f  the  O v e r a l l  Heat T r a n s f e r  C o e f f i c i e n t
" -  wdc Pd<Td. - Td >
r  in out
= ( 5 6 0 .0  l b / h r ) (0 .4 9 0  B T U / l b ° F ) (1 4 9 .1 8  -  112 .28 °F )
= 10 ,200  BTU/hr
A = (Number o f  Drops) (Area per Drop)
-  (Column V o l u m e ) ( F r a c t i o n a 1 Holdup) ( (Area per Drop)
(Volume o f  one Drop)
.  ( 5 - 1 8  f t ) (0 .0 9 7 8  f t 2 ) (0 . 158) . „ ( O i0 l5 3  f t ) 2 
( t t / 6 )  (0 .015 3  f t ) 3
= 3 1 .4 1  f t 2
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<T d. - T c > - < T d - Tc .  >
AT i n o u t________ o u t  i n
L M ‘  T , - Td . c
, / i n  o u t ,log (---------------------- )
T .  -T
out C in
= 0 ^ 9 . 1 8  - 128.8 0 ) - ( l  12.28 -  89.06)
, ,14 9 .1 8  - 128. 8 0 ,1 og (— 2 )
112.28  -  89.06




= ( 1 0 /2 0 0  BTU/hr)  
(31 .41  f t 2 ) ( 2 1 - 7 7 ° F )
= 14 .92  BTU/hr f t 2oF
C. C a l c u l a t i o n  o f  V o lu m e t r i c  Heat T r a n s f e r  C o e f f i c i e n t
q
^vol (A T .u )(Column Volume)Ln
10 ,2 00  BTU/hr
( 2 1 . 7 7 ° F) ( 5 . 1 8  f t )  ( 0 . 0 9 7 8  f t 2 )
= 9 2 4 .3  BTU/hr f t 3oF
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D. C a l c u l a t i o n  o f  the  H e i g h t  o f  a T r a n s f e r  U n i t
T« .  - T d
NTU . . --------- !£------ 2HJEod A_
T LM
= 1 4 9 . l 8 ° F  -  11 2 . 2 8 ° F  
2 1 . 7 7 ° F
= 1 .695
HTUod -  - L -  
NTUod
= 5 - 1 8  f t
1 .695
= 3 - 0 6  f t
E. C a l c u l a t i o n  o f  Energy Ba lance
Heat  Gained . ,
by W a te r  '  ‘'w a t e r  ”  Wc Cpc<Tc / Tc .  >
r  o u t  in
qw a t e r  = t 2 ^ 9 l b / h r ) 0  B T U / l b ° F ) ( 1 2 8 . 8 0  -  8 9 . 0 6 ° F )
= 9897 BTU/hr
Heat  Losses = q -  q
^ w a te r
= 1 0 ,2 0 0  BTU/hr  -  9897  BTU/hr  
“  303 BTU/hr
( 2 - 4 1 )
( 2 - 4 4 )
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P e r c e n ta g e  He a t  Losses = H e a t  L o s s e s /q
= 3 0 3 / 1 0 , 2 0 0  
-  3%
F. C a l c u l a t i o n  o f  Some R a t i o s  Used f o r  C o r r e l a t i n g  th e  Data
= W ^ / C r o s s - S e c t I o n a  1 Area  o f  Column
= (5 6 0 )  1b / h r ) / ( 0 . 0 9 7 8  f t 2 )
= 5673 lb /h r  f t 2
G = W / C r o s s - S e c t i o n a l  Area  o f  Column c c
= (2 4 9  l b / h r ) / ( 0 . 0 9 7 8  f t 2 )
= 2523 l b / h r  f t 2
Gd/ G c = 5 6 7 3 /2 5 2 3  
= 2 . 2 5
Gd
ud = -------------------------------------------------
( p d) ( F r a c t i o n a 1 Holdup)
= 5673  l b / h r  f t 2_______________
( 0 . 7 8 5 ) ( 6 2 . 4  1b / f t 3 ( 0 . 1 5 8 )
= 734 f t / h r  
= 0 . 2 1 6  f t / s e c
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Gc
U =  ■ ■■ ' ■ ■ —  ■ ■
(p ) ( T* 0  “ F r a c t i o n a l  Holdup)
= 2523 l b / h r  f t 2
( 6 2 . 4  l b / f t 3 ) ( 0 .8 4 2 )
= 4 8 . 0  f t / h r  
= 0 .0 1 3 5  f t / s e c
u , / u  = 0 . 2 1 6 / 0 . 0 1 3 5  a c
= 16.03
G. C a l c u l a t i o n  of  DimensIon less  Groups
N u s s e l t  Number f o r  _ __ ^
D iscont inuous  Phase , ,
kd kd
= ( 1 4 .9 2  BTU/hr f t 2 ° F ) (0 .0 1 5 3  f t )
( 0 . 0 7 7  BTU/hr f t ° F )
= 3 -02
Reynolds Number f o r  ^
D is cont inuous  Phase ■ Qpd
Using Absolute
V e l o c i t y  pd
= ( 0 .0 1 5 3  f t ) (0 .0 1 3 5  f t / s e c ) ( 0 . 7 8 5 ) ( 6 2 . 4  l b / f t 3) 
( 3 0 . 6  C e n t i p o i s e ) ( 6 .7 2 x 1 0  l b / f t  sec C e n t ip o is e )
=  2 2 . 9
R e y n o ld s  Number .
F o r  D i s c o n t i n u o u s  ^Ud+Uc ^ (3d 
Phase U s in g
R e l a t i v e  V e l o c i t y  ^d
,  ( 0 . 0 1 5 3  f t )  ( 0 . 0 1 3 5  f t / s e c  +  0 . 2 1 6  f t / s e c ) ( 6 2 . 4  l b / f t 3 ) 
( 3 0 . 6  C e n t i p o i s e ) ( 6 . 7 2 x l 0 l b / f t  sec  C e n t i p o i s e )
= 2 4 . 3
P r a n d t l  Number C ^ij.^
f o r  D i s c o n t i n u o u s  - — - —
Phase
= ( 0 . 4 9 0  B T U /1 b ° F )  ( 3 0 . 6  C e n t  ipo  i se )  ( 6 . 7 2 x 1 0 ~ S  b / f  t  sec  C e n t i p o i s e )
( 0 . 0 7 7  B T U /h r  f t ° F )
190.0
R e y n o ld s  Number  
F o r  C o n t in u o u s  
Phase  U s in g  
A b s o l u t e  V e l o c i t y c
( 0 . 0 1 5 3  f t )  ( 0 . 0 1 3 5  f t / s e c ) ( 6 2 . 4  1 b / f t J )
( 0 . 5 5 9  C e n t i p o i s e ) ( 6 . 7 2 x 1 0 ” l b / f t  sec  C e n t i p o i s e )
= 3 3 . 8
P r a n d t l  Number f o r  _  pc^c
C o n t in u o u s  Phase
k c
( 1 . 0  B T U /1 b ° F )  ( 0 . 5 5 9  C e n t  i p o i s e )  ( 6 . 7 2 x 1 0 " S  b / f  t  sec  C e n t i p o i s e )
( 0 . 3 7 1  B T U / h r  f t ° F )
A P P E N D I X  B







































C A P P E N C I X  e
COMPUTER PROGRAM FOR CALCULATING RESULTS 
SOME C E F I N I T TO N OF TERMS
A I N ) = A RE A OF I NTE RFAC IAL  CONTACT IN SECTION N
A I \ U ( M = N U S S E L T  AUMBER IN SECTION N
AREA = AREA OF INTERFAC I A L  CONTACT FOR ENTIRE COLUMN
CFHC = CUB IC FEET PER HOUR OF O I L
C PO( N ) = HE AT CAPACITY OF O I L  IN SECTION N 
C PW = FF AT CAPACITY OF WATER
CFTU=FEIGFT OF TRANSFER UNI T  IN CENTER PART OF COLUMN
CNTU=AUMBER OF TRANSFER UNTIS IN CENTER PART OF COLUMN
[' = CRCP DIAMETER IN CENTIMETERS 
DELTM=LGG MEAN DELTA T FOR WHOLE COLUMN 
DFT=CRCP DIAMETER IN F T .
DTARC = ARITI -METIC TEMP. DIFFERENCE FOR CENTER COLUMN 
FRHC=FLOW RATE CF OI L  PER HOUR IN POUNDS
FRFW = F LOW RATE CF WATER PER HOUR IN POUNDS
GPHW=CALLCNS PER HOUR WATER
GRP=CALCULATfcD TEMPERATURE DIFFERENCE RATIO 
GRCUP=ACTUAL TEMPERATURE DIFFERENCE RATIO 
HCCL=FEIGHT OF CENTER PART OF COLUMN 
HF=FRACTICNAL HOLDUP 
HTH=HEIGFT OF COLUMN HOLDUP IN CM.
QRATE = RATE OF HEAT FLOW IN SECTION N 
G=RATE OF HEAT FLOW FOR WHOLE COLUMN 
P R C ( C ) = C I L  PRANDTL NUMBER FOR SECTION N 
PRWAV=AVERAGE WATER PRANDTL NUMBER FOR COLUMN 
REC( N ) = 0  I L REYNOLDS NUMBER FOR SECTION N 
RECAV=AVERAGE O I L  REYNOLDS NUMBER FOR COLUMN 
REW(\ )=WATER REYNOLDS NUMBER FOR CCCTION N
REW(N)-WATER REYNOLDS NUMBER FOR SECTION N -
REWAV=AVERAGE WATER REYNOLDS NUMBER ^



























n RHC.W ( N ) =WATER DENSITY AT SECTION N 
RUNNO=RUN NUMBER
TARAV = ARITHMET IC AVERAGE TEMPERATURE DIFFERENCE 
TC(N)=TEMPERATURE FOR THERMOCOUPLE N 
T KC( N ) =Q I L THERMAL CQtN DUC T I V I  T Y AT SECTION N 
TKW( N ) =WAT FR THERMAL CONDUCTIVITY AT SECTION N 
T 0 t N ) = C I L  TEMPERATURE AT SECTION N 
TW(N)=WATER TEMPERATURE AT SECTION N 
V I  SCW = RATIO OF C I L  V I SC OS IT Y TO WATER V I SCOSI TY 
U IN ) =i C V E R A L L HEAT TRANSFER COEFF. FOR SECTION N
V ARC=CVERALL HEAT TRANS. COEFF.  FOR CENTER COLUMN 
BASED CN ARITHMETIC AVERAGE TEMP. DIFFERENCE 
V A R ( N ) =QVERALL HEAT TRANS. COEFF. FOR SECTION N 
BASED ON ARITHMETIC TEMP. DIFFERENCE 
UGALL = OVERALL HEAT TRANS. COEFF.  FOR WHOLE COLUMN 
UVCL=VCLUMETRIC HEAT TRANS. COEFF.  FOR WHOLE COL.
V I SC( N ) = 0  I L V I SC OS ITY  FOR SECT T ON N 
VISWIN)=WATER V I SC O SI T Y FOR SECTION N 
VCFPS=CIL  VELUCITY IN FT .  PER SECOND 
VCWAV=RAT1C OF O I L  V I SC OS I T Y TO WATER, CENTER COL.
VSEC=VCLUME OF A COLUMN SECTION 
VWFPS=WATER VELOCITY IN F T .  PER SECGND 
VTOTL=TOTAL COLUMN VOLUMF
WCH1U=WHCLE COLUMN HEIGHT OF A TRANSFER UNIT 
WCNTU=WHOLE COLUMN NUMBER OF TRANSFER UNITS 
Z ( N ) = F F I G H T  OF SECTION N
OI MENSI ONCF Ol 2 5 ) , R E O ( 2 5 ) , R E W I 2 5 ) , PRO( 2 5 ) , PRWI 2 5 > , V I S O t 2 5 )  
l t V l S W  ( 25 ) ,RHOO( 2 5 )  ,RHC'W( 25 ) , T K O ( 2 5 )  ,TKW( 25}  , TO {2 5 ) , TW ( 25 > , U ( 2 5 ) , 
2 A \ U ( 2 5 ) , V I S O W ( 2 5 ) , T C { 2 5 ) , ORATE I 2 5 ) , Z { 2 5 ) , VSEC( 2 5 ) , A I 2 5 ) , DEL TM( 2 5 ) ,
3 TKAVG( 2 5  ) , T E M P 1 ( 2 5 ) , T E M P 2 ( 2 5 )  , B ( 2 5 ) , U V O L ( 2 5 ) , TARAV( 2 5 ) , U A R ( 2 5 )
4 , GRP(2 5 } , T HET A I 2 5 } . GAMMA(2 5 ) , S I CM A ( 2 5 ) , GROUP( 2 5 }  -
3 R E A D S , ( Z { I  ) , 1  = 1 , 2 0 }  ®
A R E A D S , ( TC t I } , I = 1 , 2 4 )
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WCF.UJ= 15 8 . 0 / ( 3 0 . A8 *WCNTU)
C N T U = ( T C ( 3 ) - T 0 (  1 9 ) ) /DTCOL 
CHTU=11 9 . 6 5 / 1 3 0 . A8*CNTU)
TCPR=TC( 2  )
T DPR =T C( 23 )
EPSI L  = F R FO * C P D ( 1 ) * T D P R / ( F R H k * C P W )  -  TCPR 
BETA = l . C  -  FRHO* CPO( 1 ) / (FRHW»CPW)
GRP( 1 )  = 1 . 0  
GROUP( 1 )  = 1 . 0  
G A V V A ( 1 )  = O.C 
S I G V A ( 1 )  = 1 . 0  
DC ICE N = 2 , 2 1 , 1
GRP(N)  = ( E P S I L  + B E T A * T O ( N ) ) / ( E P S I L  + BETA* TDPR)
GROUP ( N ) = ( TO ( N ) -  T V » m ) / < T D P R  -  TCPR)
108 G A V V A (N)  = ( ( TKO( N) /  RHOO(N) *CPC(  M) ) * A . O * T H E T A (  N) / (  DFT*DFT ) ) / 3 6 0 0 . 0  
P R I M  1 1 A , RUMNC 
11A FORMAT ( 5X,  8H.RUM MO .  , F 1 2 . 6 )
PR I M 1  16 ,UCCL ,UVCQL,QCOL , DTCOL, OTARC»UARC 
116 F C R V A T ( / / 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 , 5 X , E l A . 6 , 5 X , F 1 2 . 6 f 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 )
PRINT 1 1 8 , C,QWAT, AREA,DELT,UOALL,UQVOL
118 F O R V A T ( / / 5 X , E 1 A . 6 , 5 X , £  1 4 . 6 , 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 )  
D C 1 1 9 V = 1 , 2 1 ,  1
119 PRINT 1 2 7 , V , T H E T A ( M )  , GR P ( M ) , GAVVA( V ) ,GROUP(V)
DC 12C V = 1 , 2 0 , 1
120 PRINT 1 2 7 , V , T W ( V )  , T D ( V ) , D E L T M ( M ) , Q R A T E ( M ) , T A R A V ( V )
121 PRINT 1 2 A , T W ( 2 1 ) , T 0 ( 2 1 )
12A FCRV AT ( 5 X , 2H2 1,  5X , F 1 2.  6 ,  5X , F 1 2 . 6 )
DC 12 5 V = 1 , 2 0 , 1
125 PRINT 1 2 7 , P , U ( M ) » U A R ( M ) , U V O L ( M ) , R E W ( M ) , R E C ( M )
DC 126 M=1 , 2 0 , 1
126 PRINT 1 2 7 , V , P R W ( M ) , P R O ( V ) , V ISC W( M) ,A NU (M>
127 F O R V A T ( 5 X , I 7 , 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 , 5 X , F 1 2 . 6 f 5 X , F 1 2 . 6 )
PRINT 13C,  UAV,  REWAV, RFOAV
130 FCRVAT( 5 X , 3 F 1 2 . 6 )
PRINT 1 3 5 ,  PRWAV, PROAV, ANUAV, VOWAV, HF 
135 F C R M T { 5 X , 5 F 1 2 . 6 )
PRINT 1 4 0 ,  DFT,VQFPS,VWFPS 
PRINT140,V»CNTU.  WCKTU,CNTU, CHTU 
PRINT 1 4 0 . F P 5 I L  , R6TA,GWAT, GO I L , UFAC 
GC TC 4 
GC TC 4




DETAILED DATA AND RESULTS FOR 
INDIVIDUAL EXPERIMENTAL RUNS
Column s e c t io n  numbers r e f e r r e d  to  in t h i s  appendix  a re  
those shown in F ig u re  26.
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A P P E N D I X  C
RUN NUMBER 1 . 0
OVERALL PEAT TRANS. COEFF.  U = 
OVERALL F T .  OF TRANS. U N I T ,  HTUOD = 
VOLUMETRIC HEAT TRANS COEFF, UVOL = 
RATE CF FEAT TRANSFER, Q =
DROP DIAMETER IN F T .  =
1 A. 92
3 . 0 6  
9 2 A . 2 9
1 0 2 0 0 . 7 0  
0 . 0 1  S3
INTERFACIAL  CONTACT AREA = 
FRACTIONAL HOLDUP = 0 . 1 5 8 2
3 1 .  A l
PASS VELOCITY CF O I L  = 
VELOCITY CF O I L ,  FT/SEC =
PASS VELOCITY OF WATER = 
VELCCITY OF WATER, FT/SEC =
5 6 7 3 . 8
0 . 2 2
2 5 2 3 . 2
0 . 0 1 3 5
RELATIVE VELOCITY OF OI L  TO WATER -  
CENTRAL CCLUPN HEAT TRAMS COEFF =
0 . 2 2 9 6  
9 .  7A
CENTRAL COLUMN HTU = A • 5 5
COL. SECTION WATER TEMP AT OI L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 2 8 . 8C 1 A 9 . 18 0 . 6 7
2 1 2 8 . 6 6 1 A 9 . C5 0 . 0 0
3 1 2 8 . 6 6 1 A9 .C5 8 .  55
A 1 2 7 . 7 6 1A 8 .  21 8 .  AA
5 1 2 6 . 6 8 1 A 7 . 2 1 3 . 7 A
6 1 2 6 . 2 5 1 A 6 . 8 1 6 . 2 1
7 1 2 5 . 5 0 1 A 6 . 1 2 7 . 5 1
8 1 2 A . 6 5 1 A 5 . 3 3 7 . 1 9
9 1 2 3 . 7C IA A. AA 9 . 0 9
1C 1 2 2 . 7 0 1 A 3 . 5 2 8 . 7 9
11 1 2 1 . 5 5 1 A 2 . A 5 1 1 . 5 1
12 1 2 0 . A5 1A 1 • A 3 1 5 . 9 6
13 1 1 8 . 1 0 1 3 9 . 2A B. 15
IA 1 17 .  IA 1 3 8 . 3 5 6 .  26
15 1 1 6 . 3 0 1 3 7 . 5 7 8.  A A
16 1 1 5 . 3A 1 3 6 . 6 8 2 0 . 2 9
17 1 1 2 . 6A 1 3 A . 17 1 0 . 5 1
18 1 1 1 . 3 8 13 3 . 0 0 1 7 . 0 5
19 1 0 9 . 2 2 1 3 1 . 0 0 2 0 .  10
20 1 0 6 . 7 0 1 2 8 . 6 6 8 8 . 3 6
8 9 .  C 6 1 1 2 . 2 8
136
A F P E N C  I X  C
RUN NUMBER 2 . 0
OVERALL HEAT TRANS. COEFF. U = 2 1 . 8 2
OVERALL HT .  OF TRANS. U N I T ,  HTUOO = 1 . 8 6
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 5 2 3 . 9 5
RATE CF HEAT TRANSFER, C = 1 4 7 4 7 . 2 5
DRCP DIAMETER IN F T .  = 0 . 0 1 5 7
I NTERFACIAL  CONTACT AREA = 3 5 . 4 0
FRACTIONAL HOLDUP = 0 . 1 8 2 9
HASS VELOCITY OF O I L  = 5 6 7 3 . 8
VELOCITY CF O I L ,  FT/SEC = 0 . 1 9
4
MASS VELOCITY CF WATER = 5 0 4 5 . 1
VELOCITY CF WATER, FT/SEC = 0 . 0 2 7 9
RELATIVE VELOCITY OF OI L  TC WATER = 0 . 2 1 3 7
CENTRAL CCLUMN HEAT TRANS COEFF *  2 2 . 6 6
CENTRAL COLUMN HTU *  1 . 8 7
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECT I 0:
1 1 2 1 . 0 0 1 5 3 . 3 2 2 . 5 0
2 1 2 0 . 5 0 1 5 2 . 4 6 1 0 . 7 0
3 1 1 9 . 5 0 1 5 0 . 7 4 1 2 . 9 8
4 1 1 8 . 2 5 1 4 8 . 5 9 3 . 9 3
5 1 1 7 . 8 0 1 4 7 . 8 1 1 1 . 9 4
6 1 1 6 . 6C 1 4 5 . 7 5 1 5 . 8 9
7 1 1 4 . 9 8 1 4 2 . 9 6 3 1 . 9 8
6 1 1 2 . 1 0 1 3 8 . 0 1 1 8 . 2 2
9 1 1 0 . 3 0 1 3 4 . 9 1 4 7 . 4 9
10 1 0 6 . 7 0 1 2 8 . 7 1 3 3 . 0 8
11 1 0 4 . 0 0 1 2 4 . 0 7 2 1 .  55
12 1 0 2 . 8 0 1 2 2 . 0 0 1 4 .  70
13 1 0 1 . 6 0 1 1 9 . 9 4 11.  19
14 1 0 0 . 9 0 1 1 8 . 7 3 1 2 .  50
15 1 0 0 . C4 1 1 7 . 2 5 3 2 .  72
16 9 8 . 2 4 1 1 4 . 1 6 1 7 . 9 6
17 9 7 . 1 6 1 1 2 . 3 0 4 3 .  46
18 9 5 . 0 0 10 8 . 5 8 1 4.  80
19 9 4 . 2 8 1 C 7 . 34 0 . 0 0
20 9 4 . 2 8 1 C 7 . 3 4 6 5 . 2 8
9 0 . 1 4 1 0 0 . 2 2
137
A P P E N D I X  C
RUN NUMBER 3 . 0
OVERALL HEAT TRANS. COEFF.  U = 1 8 . 1 3
OVERALL HT.  OF TRANS. U N I T ,  HTUOD = 1 . 8 1
VOLUMETRIC HEAT TRANS COEFF, UVOL « 1 5 6 2 . 7 7
RATE CF HEAT TRANSFER, Q = 1 4 3 7 7 . 5 9
DRCP DIAMETER IN FT .  = 0 . 0 1 4 5
I NTERFACIAL  CONTACT AREA = 4 3 . 7 1
FRACTIONAL HCLCUP = 0 . 2 0 7 9
. MASS VELCCITY CF OI L  = 5 6 7 3 . 8
VELOCITY CF O I L ,  FT/SEC = 0 . 1 6
MASS VELCCITY CF WATER = 7 5 6 7 . 4
VELCCITY CF WATER, FT /SEC = 0 . 0 4 3 1
RELATIVE VELCCITY OF O I L  TO WATER = 0 . 2 0 6 4
CENTRAL COLUMN HEAT TRANS COEFF = 1 9 . 3 3
CENTRAL COLUMN HTU = 1 . 7 8
COL.  SECTION WATER TEMP AT OI L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 0 . 5 0 1 4 9 . 0 0 2 . 5 5
2 1 1 0 . 0 0 1 4 7 . 7 1 9 . 9 3
3 1 0 9 . 1 0 1 4 5 . 3 9 1 2 . 4 3
4 1 0 7 . 9 6 1 4 2 . 4 5 1 7 . 2 9
5 1 0 6 .  16 1 3 7 . 8 1 2 1 .  04
6 1 0 4 . 3 6 1 3 3 . 1 7 6 .  37
7 1 0 3 . 8 2 1 3 1 . 7 8 2 9 .  51
8 1 0 1 . 6 6 1 2 6 . 2 1 2 8 . 9 9
9 9 9 . 5 0 1 2 0 . 6 4 4 0 . 8 5
10 9 7 . 3 4 1 1 5 . 0 8 1 2 . 9 1
11 9 6 . 6 2 1 1 3 . 2 2 3 0 .  14
12 9 5 . 5 0 1 1 0 . 3 3 1 5 .  52
13 9 4 . 7 0 1 0 8 . 2 7 1 3 .  14
14 9 4 . 2 0 1 0 6 . 9 8 1 7 . 4 6
15 9 3 .  50 1 0 5 . 1 8 3 .  73
16 9 3 . 3 8 1 0 4 . 8 7 0 . 0 0
17 9 3 . 3 8 1 0 4 . 8 7 4 1 . 8 1
18 9 2 .  12 10 1 . 6 2 C . 0 0
19 9 2 .  12 1C 1 ..62 6 . 4 7
20 9 1 . 9 4 1 0 1 . 1 6 4 5 . 0 0
9 0 . 3 2 9 6 . 9 8
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A P P E N D I X  C
RUN NUMBER A . O
OVERALL HEAT TRANS. COEFF.  U = 2 1 . 2 0
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 1 . 6 5
VOLUMETRIC HEAT TRANS CCEFF, UVOL = 1 7 0 8 . 8 6
RATE OF HEAT TRANSFER, Q = 1 A 0 0 5 . 1 3
DRCP DIAMETER IN F T .  = 0 . 0 1 7 2
INTERFACI AL  CONTACT AREA = A O . 87
FRACTIONAL HOLDUP = 0 . 2 3 1 0
MASS VELCCITY OF O I L  = 5 6 7 3 . 8
VELOCITY CF O I L ,  FT/SEC = 0 . 1 5
MASS VELCCITY CF WATER = 1 0 0 9 2 . 7
VELOCITY CF WATER, FT/SEC = 0 . 0 5 9 3
RELATIVE VELOCITY OF OI L  TO WATER = 0 . 2 0 5 9
CENTRAL COLUMN HEAT TRANS COEFF = 2 2 . 5 3
CENTRAL COLUMN HTU = 1 . 6 2
COL. SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
I 1 0 3 . 8 2 1AA.  32 5 . 0 3
2 1 0 3 . 1 0 1 A 1 . 8 A 1 8 .  71
3 1 0 1 . 9 0 1 3 7 . 6 9 2 9 .  82
A 1 0 0 . 6 0 1 3 3 . 2 1 1 8 . 5 7
5 9 9 . 3 2 1 2 8 . 7 9 2 9 .  55
6 9 7 .  70 1 2 3 . 2 0 3 2 . 7 5
7 9 6 . 0 8 1 1 7 . 6 1 A1 . 9 7
8 9 A . A 6 1 1 2 . 0 2 1 8 . 6 3
9 9 3 . 7A 1 0 9 . 5 3 3 8 . 7 9
10 9 2 . 6 6 1 0 5 . 8 0 1 9 . 6 1
11 9 2 . 1 0 1 0 3 . 8 7 AA.  A8
12 9 1 .  30 1 0 1 . 1 1 2 1 .  22
13 9 0 . 8 0 9 9 .  39 2 9 .  A9
1A 9 0 . 3 2 9 7 .  73 A.  13
15 9 0 . 2 5 9 7 .  A9 1 8 . A A
16 9 0 . CO 9 6 . 6 2 G. 00
17 9 0 . CO 9 6 . 6 2 0 .  00
18 9 0 .  OC 9 6 .  62 2 . 8 5
19 8 9 . 9 6 9 6 .  A9 0 . 0 0
2C 8 9 . 9 6 9 6 .  A9 5 2 .  37
8 9 . 0 6 9 3 . 3 8
139
A P P E N D I X  C
RUN NUMBER 5 . 0
CVF.RALL HEAT TRANS. COEFF.  U = 1 8 . 5 3
OVERALL HT.  OF TRANS. U N I T ,  HTUOD = 1 . 4 8
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 8 4 4 . 9 1
RATE CF HEAT TRANSFER, Q = 1 4 8 7 7 . 5 4
DRCP DIAMETER IN FT .  = 0 . 0 1 6 4
INTERFACIAL  CONTACT AREA = 5 0 . 4 6
FRACTIONAL HOLDUP = 0 . 2 7 2 2
MASS VELCCITY OF O I L  = 
VELCCITY OF O I L ,  FT/SEC =
PASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC
54 7 1 . 1  
0 . 12
1 2 6 1 1 . 7
0 . 0 7 8 3
RELATIVE VELOCITY CF O I L  TC WATER = 
CENTRAL COLUMN HEAT TRANS COEFF =
G . 1983 
2 3 . 0 3
CENTRAL COLUMN HTU = 1 . 2 5
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM. SECT BOTTOM SECTION
1 1 0 3 . 1 0 1 4 9 . 3 6 1 . 0 9
2 1 0 2 . 9 2 1 4 8 . 5 6 1 9 .  58
3 1 0 1 . 4B 1 4 2 . 1 9 3 9 . 4 1
4 9 8 . 9 0 1 3 0 . 7 6 3 0 .  35
5 9 6 . 9 8 1 2 2 . 2 6 4 0 .  64
6 9 5 . 1 8 1 1 4 . 2 9 3 2 . 6 4
7 9 4 . 0 0 1 C 9 . 0 6 2 9 . 3 6
8 9 3 . 2 0 1 0 5 . 5 2 2 0 .  36
9 9 2 . 6 6 1 0 3 . 1 3 2 9 . 2 7
10 92 . 1 2 1 0 0 . 7 3 9 . 4 1
11 9 1 . 9 4 9 9 .  94 2 7 . 4 3
12 9 1 . 6 0 9 8 . 4 3 1 2 . 0 2
13 9 1 . 4 0 9 7 .  55 3 2 . 0 7
14 9 1 . 0 4 9 5 . 9 5 - 1 4 . 9 0
15 9 1 . 2 2 9 6 . 7 5 3 7 . 7 0
16 9 0 . 8 6 9 5 .  15 0 . 0 0
17 9 0 . 8 6 9 5 . 1 5 2 2 . 2 9
18 9 0 . 6 8 9 4 . 3 6 0 . 0 0
19 9 0 . 6 8 9 4 .  36 0 .  00
2C 9 0 . 6 8 9 4 . 3 6 16.  67
9 0 . 5 0 9 3 .  56
140
RUN NUMBER
A P P E N B I X  C
6 . 0
OVERALL HEAT TRANS. COEFF.  U. = 2 0 . 9 5
OVERALL F T .  OF TRANS. U N I T ,  HTUOD = 3 . 3 3
VOLUMETRIC HEAT TRANS COEFF, UVOL = 5 0 1 . 8 7
RATE CF FEAT TRANSFER, Q = 9 3 0 7 . 3 3
DROP DIAMETER IN FT .  = 0 . 0 1 6 4
INTERFACIAL  CONTACT AREA =
FRACTIONAL HOLDUP = 0 . 0 7 5 9
1 4 . 0 8
MASS VELCCITY CF O I L  = 
VELCCITY CF O I L ,  FT/SEC =
MASS VELCCITY OF HATER = 
VELOCITY CF WATER, FT/SEC =
3 8 5 0 .  1 
0 . 3 0
2 5 2 4 . 9
0 . 0 1 2 3
RELATIVE VELCCITY OF OI L  TO WATER =
CENTRAL COLUMN HEAT TRANS COEFF =
0 . 3 1 7 2
8 . 0 8
CENTRAL COLUMN HTU = 6 . 7 8
COL.  SECTION WATER TEMP AT O I L  TEVR AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 5 . 3 4 1 5 7 . 8 2 1.  14
2 1 1 5 . 1 6 1 5 7 . 5 2 C . 0 0
3 1 1 5 . 1 6 1 5 7 . 5 2 1 3 .  76
4 1 1 4 . C8 1 5 5 . 7 1 7 . 6 7
5 1 1 3 . 3 6 1 5 4 . 5 0 6 . 4 9
6 1 1 2 . 8 2 1 5 3 . 6 0 1 C . 4 3
7 1 1 1 . 9 2 1 5 2 . 0 9 1 3 . 6 1
6 1 1 0 . 8 4 1 5 0 . 2 8 1 1 . 8 9
9 1 0 9 . 7 6 1 4 8 . 4 7 12.  14
10 1 0 8 . 8 6 1 4 6 . 9 7 1 0 . 4 0
11 1 0 7 . 9 6 1 4 5 . 4 6 1 4 . 5 2
12 1 0 7 . C6 1 4 3 . 9 5 3 . 8 3
13 1 0 6 . 7 0 1 4 3 . 3 5 12.  21
14 1 0 5 . 8 0 1 4 1 . 8 4 8 . 7 3
15 1 0 5 . 0 8 1 4 0 . 6 4 7 . 8 4
16 1 0 4 . 5 4 1 3 9 . 7 3 1 1 . 3 9
17 1 0 3 . 6 4 1 3 8 . 2 2 1 0 . 3 5
18 1 0 2 . 9 2 1 3 7 . 0 ? 9 . 9 9
19 1 0 2 . 2 0 1 3 5 . 8 1 1 0 .  33
20 1 0 1 . 4 8 1 3 4 . 6 1 1 7 4 . 5 6
8 6 . CO 1 0 8 . 6 8
141
A F P E N G 1 X  C
RUN NUMBER 7 . 0
OVERALL FEAT TRANS. COEFF.  U = 2 7 . 3 ?
OVERALL HT .  OF TRANS. U N I T ,  HTUOO = 2 . 7 3
VOLUMETRIC HEAT TRANS CCEFF, UVOL = 7 1 3 . 7 5
RATE OF HEAT TRANSFER, G = 1 0 8 2 7 . 2 0
DRCP CI AM ETER IN F T .  = 0 . 0 1 9 3
INTERFACIAL  CONTACT AREA = 1 3 . 2 5
FRACTIONAL HOLDUP = 0 . 0 8 3 9
MASS VELCCITY OF O I L  -  3 8 5 0 . 1
VELCCITY CF O I L ,  FT/SEC = 0 . 2 8
MASS VELCCITY CF WATER = 5 0 4 5 . 7
VELOCITY CF WATER, FT/SEC = 0 . 0 2 4 9
RELATIVE VELOCITY CF OI L  TO WATER = 0 . 3 0 C 6
CENTRAL COLUMN HEAT TRANS COEFF = 2 0 . 1 4
CENTRAL COLUMN HTU = 3 . 7 7
U FOR 
SECTION 
1 .  57 
1 0 . 4 0  
1 6 .  17 
1 6 .  83 
2 4 . 9 1  
1 5 . 4 9  
3 . 8 3  
2 1 .  33
1 1 .  80 
1 2 . 7 5  
2 8 .  03 
1 5 .  87 
2 5 . 0 ?  
1 5 . 2 9  
3 3 .  19 
1 2 . 7 7  
2 8 .  13 
3 1 .  72 
0 . 00 
1 6 1 . 5 0
COL.  SECTICN WATER TEMP AT O I L  TEMP AT
NUMBER SECT BOTTOM SECT BOTTOM
1 1 1 1 . 7 4 1 6 2 . 3 2
2 1 1 1 . 5 6 1 6 1 . 8 6
3 1 1 1 .  CO 1 6 0 . 4 2
4 1 1 0 . 1 0 1 5 8 . 1 1
5 1 0 9 . 0 0 1 5 5 . 2 8
6 1 0 7 . 6 0 1 5 1 . 6 8
7 1 0 6 . 7 2 1 4 9 . 4 2
8 1 0 6 . 5 2 1 4 8 . 9 1
9 1 0 5 . 2 6 1 4 5 . 6 7
10 ‘ 1 0 4 . 7C 1 4 4 . 2 3
11 1 0 4 . CO 1 4 2 . 4 4
12 1 0 2 . 9 2 13 9 . 6 6
13 1 0 2 . C2 1 3 7 . 3 5
14 1 0 0 . 9 4 13 4 . 5 7
15 1 0 0 . 2 2 1 3 2 . 7 2
16 9 8 . 9 6 1 2 9 . 4 9
17 9 8 . 4 2 1 2 8 . 1 0
18 9 7 .  AO 1 2 5 . 4 8
19 9 6 . 2 6 1 2 2 . 5 5
2C 9 6 . 2 6 1 2 2 . 5 5
8 9 . 6 0 1C 5* 44
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A P PEN D I X  C
RUN NUMBER 8 . 0
CVERALL HEAT TRAN'S. COEFF.  U = 2 7 . 9 5
OVERALL HT.  OF TRANS. U N I T ,  HTUOD = 2 . 4 5
VOLUMETRIC HEAT TRANS COEFF, UVOL = 7 6 3 . 2 5
RATE CF HEAT TRANSFER, Q = 1 1 4 0 3 . 0 0
CRCP DIAMETER IN FT .  = 0 . 0 1 9 8
INTERFACIAL CONTACT AREA = 1 3 . 8 5
FRACTIONAL HOLDUP = 0 . 0 8 9 9
MASS VELCCITY OF OI L  = 
VELCCITY CF O I L ,  FT/SEC =
MASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC =
3 6 9 8 . 1  
0 . 2 5
7 5 6 8 , 9
0 . 0 3 7 6
RELATIVE VELCCITY CF O I L  TC WATER = 
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 3 . 1 1
0 . 2 8 4 1  
2 1 .  57
COL.  SECTION WATER TEMP AT OI L TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTIO
1 1 0 4 . 3 6 1 6 3 . 5 8 0 . 0 0
2 1 0 4 . 3 6 1 6 3 . 5 8 8 .  49
3 1 0 4 . 0 0 1 6 2 . 0 8 2 9 . 3 9
4 1 0 2 . 7 4 1 5 6 . 8 3 2 9 .  87
5 1 0 1 . 3C 1 5 0 . 8 2 1 7 . 7 5
6 I C O . 58 1 4 7 . 8 2 2 2 .  27
7 9 9 . 6 8 1 4 4 . 0 7 2 0 .  13
8 9 8 . 9 6 1 4 1 . 0 7 3 2 .  56
9 9 7 . 7 0 1 3 5 . 8 2 2 4 .  18
10 9 6 . 9 8 1 3 2 . 8 2 2 1 . 7 0
11 9 6 . 2 6 1 2 9 . 8 1 2 3 .  68
12 9 5 . 7 2 1 2 7 . 5 6 1 0 .  76
13 9 5 . 3 6 1 2 6 . 0 6 2 8 . 6 5
14 9 4 . 6 4 1 2 3 . 0 6 1 3.  36
15 9 4 . 2 8 1 2 1 . 5 6 0 . 0 0
16 9 4 . 2 8 1 2 1 . 5 6 1 4 . 1 7
17 9 3 . 9 2 1 2 0 . 0 6 4 2 .  38
18 9 3 . C2 1 1 6 . 3 1 13.  18
19 9 2 . 7 5 1 1 5 . 1 8 1 3 . 9 5
2C 9 2 . 4 8 1 1 4 . 0 6 1 3 9 . 0 5
8 9 . 4 2 1 0 1 . 3 0
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A P P E N D I X  C
RUN NUMBER 5 . 0
OVERALL HEAT TRANS. COEFF. U = 2 8 . 3 2
CVERALL F T .  CF TRANS. U N I T ,  HTUOD = 2 . 2 6
VOLUMETRIC HFAT TRANS COEFF, UVOL = 8 5 8 . 3 3
RATE CF FEAT TRANSFER, Q = 1 1 5 5 3 . 3 3
DRCP DIAMETER IN F T .  = 0 . 0 1 8 9
IN TERFACIAL  CONTACT AREA = 1 5 . 3 6
FRACTIONAL HOLDUP = 0 . 0 9 5 3
MASS VELCCITY CF OI L  = 3 8 5 0 . 1
VELOCITY CF O I L ,  FT/SEC = 0 . 2 4
MASS VELCCITY CF WATER = 1 0 0 8 9 . 8
VELCCITY CF WATER, FT/SEC = 0 . 0 5 0 4
RELATIVE VELOCITY OF OI L  TO WATER = 0 . 2 9 2 3
CENTRAL COLUMN HEAT TRANS COEFF = 2 8 . 1 5
CENTRAL COLUMN HTU = 2 . 1 5
COL. SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 0 1 , 3 0 1 6 0 .  16 0 . 0 0
2 1 0 1 . 3 0 1 6 0 . 1 6 3 2 . 9 1
3 1 0 0 . 2 2 1 5 4 .  18 4 5 . 9 8
4 9 8 . 7 8 1 4 6 . 2 0 10 .  22
5 9 8 . 4 2 1 4 4 . 2C 3 6 .  84
6 9 7 .  34 1 3 8 . 2 2 6 . 2 2
7 9 7 . 1 6 1 3 7 . 2 2 2 8 .  04
8 9 6 . 4 4 1 3 3 . 2 3 6 .  33
9 9 6 . 2 6 1 3 2 . 2 3 3 2 .  36
10 9 5 . 5 4 1 2 8 . 2 4 1 4 .  64
11 9 5 . 1 8 1 2 6 . 2 5 4 3 . 5 9
12 9 4 . 4 6 1 2 2 . 2 6 7 . 6 1
13 9 4 . 2 8 1 2 1 . 2 6 9 .  88
14 9 4 .  10 1 2 0 . 2 6 3 7 . 7 7
15 9 3 . 3 8 1 1 6 . 2 8 1 2 . 1 2
16 9 3 . 2C 1 1 5 . 2 8 5 8 .  67
17 9 2 . 3 0 1 1 0 . 2 9 4 6 . 7 9
18 9 1 . 7 6 1 0 7 . 3 0 7 1 . 6 1
19 91 . C 4 1 0 3 . 3 1 4 1 . 4 2
20 9 0 . 7 0 1 0 1 . 4 3 3 5 . 0 5
, 9 0 . 3 2 9 9 .  32
RUN NUMBER
A P P E N D I X  C
1 C . 0
CVERALL FEAT TRANS. COEFF.  U = 2 7 . 5 5
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 2 . I O
VOLUMETRIC HEAT TRANS COEFF, UVOL = 9 1 7 . 4 8
PATE CF HEAT TRANSFER, Q = 1 0 6 7 2 . 6 2
DRCP DIAMETER IN FT .  = 0 . 0 1 9 8
I NTERFACIAL  CONTACT AREA = 1 6 . 8 8
FRACTICNAL HCLCUP -  C . 1 0 9 8
MASS VELCCITY OF OI L  = 
VELCCITY CF O I L ,  FT /SEC =
MASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
3 8 5 0 . 1  
0 . 2 1
1 2 6 1 5 . 8  
0 . 0 6 4 0
RELATIVE VELOCITY CF O I L  TC WATER =
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 2 7 3 6
2 3 . 9 5
CENTRAL COLUMN HTU = 2 . 0 4
COL.  SECT ICN WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 9 6 . 3 0 1 5 2 . 2 4 0 .  75
2 9 6 . 2 6 1 5 1 . 9 3 2 1 . 9 7
3 9 5 . 7 2 1 4 7 . 7 0 5 4 . 7 0
4 9 4 . 4 6 1 3 7 . 8 3 7 . 1 0
5 9 4 . 2 8 1 3 6 . 4 ? 4 3 . 4 5
6 9 3 . 3 8 1 2 9 . 3 7 2 8 .  18
7 9 2 . 8 4 1 2 5 . 1 4 2 1 . 9 9
8 9 2 . 4  8 1 2 2 . 3 2 3 3 .  90
9 9 1 . 9 0 117 78 2 5 . 2 0
10 ' 9 1 . 5 8 1 1 5 . 2 3 0 . 0 0
11 9 1 . 5 8 1 1 5 . 2 8 9 9 .  40
12 9 0 . 6 8 1 0 8 . 2 3 0 . 0 0
13 9 0 . 6 8 1 0 8 . 2 3 3 1 . 2 1
14 9 0 . 4 0 1 0 6 . 0 3 1 0 . 6 3
15 9 0 . 3 0 1 C 5 . 2 5 2 6 .  96
16 9 0 . 1 0 1 0 3 . 6 8 2 5 .  62
17 8 9 . 9C 1 0 2 . 1 2 3 2 . 0 6
18 8 9 . 7 0 I C O . 55 2 5 .  50
19 8 9 . 5 5 9 9 .  38 2 8 .  36
20 8 9 . 4 0 9 8 .  20 5 2 .  13
8 9 . 0 6 9 5 . 5 4
1̂ 5
A P P E N D I X  C
RUN NUMBER 1 1 . 0
CVERALL HEAT TRANS. COEFF. U = 2 0 . 3 0
CVERALL F T .  OF TRANS. U N I T ,  HTUOD = 1 . 8 7
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 9 8 9 . 0 1
RATE CF FEAT TRANSFER, Q = 1 6 9 6 9 . 7 3
CROP DIAMETER IN F T .  = 0 . 0 1 4 6
I NTERFACIAL  CONTACT AREA = 4 9 . 6 7
FRACTIONAL HCLDUP = 0 . 2 3 8 9
MASS VELCCITY CF C IL  = 7 3 9 6 . 1
VELCCITY CF O I L ,  FT/SEC = 0 . 1 9
MASS VELCCITY CF WATER = 2 5 2 4 . 1
VELCCITY OF WATER, FT/SEC = 0 . 0 1 5 0
RELATIVE VELOCITY OF C I L  TO WATER = 0 . 2 0 1 4
CENTRAL COLUMN HEAT TRANS COEFF = 1 6 . 1 7
CENTRAL COLUMN HTU = 2 . 0 5
COL. SECTION WATER TEMP AT OI L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 4 7 . CO 1 5 8 . 1 8 0 . 9 8
2 1 4 6 . 8 4 15 8 . 0 5 1 1 . 4 4
3 1 4 5 . 9 4 1 5 7 . 3 5 1 9 . 0 4
4 1 4 4 . 3 2 1 5 6 . 0 8 6 . 8 3
5 1 4 3 . 6 0 1 5 5 . 5 2 1 4 . 9 7
6 1 4 2 . 1 6 1 5 4 . 3 9 1 5 . 6 1
7 1 4 0 . 5 4 1 5 3 . 1 2 2 1 .  35
8 1 3 8 . 4 0 1 5 1 . 4 5 2 2 . 3 7
9 1 3 5 . 6 8 1 4 9 . 3 2 5 8 .  C9
10 1 2 9 . 3 8 1 4 4 . 3 9 4 4 .  54
11 1 2 3 . C8 1 3 9 . 4 6 1 2 . 6 7
12 1 2 1 . 7C 1 3 8 . 3 8 5 . 6 7
13 1 2 0 . 7 4 1 3 7 . 6 3 3 . 9 8
14 1 2 0 . 2 0 1 3 7 . 2 0 3 . 4 8
15 1 1 9 . 6 6 1 3 6 . 7 8 1 0 . 8 5
16 1 1 8 . 2 2 1 3 5 . 6 5 1 5 . 9 2
17 1 1 5 . 7 0 1 3 3 . 6 8 1 3 . 6 1
18 1 1 3 . 7 2 1 3 2 . 1 3 2 6 .  1 1
19 1 0 9 . 5 8 1 2 8 . 8 9 1 1 . 1 6
20 1 C 7 . 7 8 1 2 7 . 4 8 7 3 .  14
8 7 . 4 4 1 1 1 . 5 6
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A P P E N D I X  C
RUN NUMBER 1 2 . 0
CVERALL PEAT TRANS. COEFF.  U = 2 3 . 7 1
CVERALL F T .  OF TRANS. U N I T ,  HTUOD = 1 . 1 9
VOLUMETRIC HEAT TRANS COEFF, UVOL = 3 1 0 C . C 3
RATE OF FEAT TRANSFER, Q = 2 0 8 C 0 . 6 3
CRCP DIAMETER IN F T .  = 0 . 0 1 4 4
I NTERFACIAL  CONTACT AREA = 6 6 . 2 7
FRACTIONAL HOLDUP = 0 . 3 1 3 3
MASS VELCCITY OF O I L  = 
VELCCITY CF O I L ,  FT /SEC =
MASS VELCCITY CF WATER = 
VELOCITY CF WATER, FT/SEC =
7 3 9 6 . 1  
0 .  14
5 0 4 7 . 0
O . C 3 3 2
RELATIVE VELOCITY CF O I L  TO WATER = 
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 1 7 4 4  
2 6 .  38
CENTRAL COLUMN HTU = 1 . 1 5
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 3 3 . 3 4 1 5 3 . 8 6 0 . 7 3
2 1 3 3 . 1 6 1 5 3 . 6 3 1 0 . 9 0
3 1 3 1 . 9C 1 5 2 . 0 2 4 1 . 5 4
4 1 2 7 . 0 4 1 4 5 . 7 9 3 2 . 6 0
5 1 2 2 . 7 0 1 4 0 . 2 3 2 8 .  54
6 1 1 9 . 4 8 1 3 6 . 1 0 2 0 . 6 3
7 1 1 7 .  14 1 3 3 . 1 1 3 2 . 0 3
B 1 1 3 . 9 0 1 2 8 . 9 5 2 4 .  14
9 1 1 1 . 2 0 1 2 5 . 5 0 7 1 .  87
10 1 0 5 . 0 8 1 1 7 . 6 6 3 3 . 2 4
11 1 0 2 . 0 2 1 1 3 . 7 4 5 .  58
12 1 0 1 . 6 6 1 1 3 . 2 7 3 . 6 7
13 1 0 1 . 3 0 1 1 2 . 8 1 3 .  89
14 1 0 1 . 0 0 1 1 2 . 4 3 4 . 8 4
15 1 0 0 . 5  8 1 1 1 . 8 9 17 .  55
16 9 9 . 3 2 1 1 0 . 2 8 2 2 . 4 1
17 9 7 .  52 1C 7 . 9 7 1 0 . 3 6
18 9 6 .  eo 1C7 .C5 3 3 . 4 4
19 9 4 . 4  6 1 0 4 . C5 3 8 .  37
20 9 2 . 0 0 I C O . 90 3 8 . 6 8
6 8 .  52 9 6 . 4 4
I *+7
A P P E N D I X  C
RUN NUMBER 1 3 . 0
CVERALL FEAT TRANS. COEFF.  U = 1 6 . 8 3
CVERALL FT*  OF TRANS. U NI T *  HTUOD = 1 . 5 1
VOLUMETRIC HEAT TRANS COEFF, UVDL = 2 4 5 3 . 5 6
PATE CF FEAT TRANSFER, Q = 2 0 8 4 0 . 6 8
CROP DIAMETER IN FT .  = 0 . 0 1 5 7
INTCRFACIAL CONTACT AREA = 7 3 . 9 0
FRACTIONAL HOLDUP = 0 . 3 8 1 0
MASS VELCCITY OF C I L  = 
VELCCITY OF O I L ,  FT/SEC =
MASS VELCCITY OF WATER = 
VELCCITY OF WATER, FT/SEC
7 3 9 6 . 1  
0 . 1 2
7 5 6 9 . 5
0 . 0 5 5 2
RELATIVE VELCCITY OF O I L  TO WATER = 
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 1 . 8 6
0 .  1712
1 3 . 9 2
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 7 . 1A 1 5 2 . 7 8 1 5 . 9 2
2 1 1 1 . 7 0 1 A 1 . 6 2 1 8 . 3 1
3 1 0 9 . 5 8 1 3 7 . 2 7 2 .  38
A 1 0 9 . 3C 1 3 6 . 7 0 5 . 0 1
5 1 0 8 . 6 0 1 3 5 . 2 6 9 .  11
6 1 0 7 . 5 0 1 3 3 . 0 1 10 .  77
7 1 0 6 . 2 0 1 3 0 . 3A 1 4 .  10
8 1 0 A . 7 C 1 2 7 . 2 6 1 6 . 5 8
9 1 0 2 . 8 0 1 2 3 . 3 6 2 3 .  15
10 1 0 0 . 8 0 1 1 9 . 2 6 2 5 .  33
11 9 8 . 5 0 1 1 A• 5A 1 3 . 3 0
12 9 7 . 7C 1 1 2 . 9 0 6 . 8 3
13 9 7 . 1 0 1 1 1 . 6 7 1 0 . 5 1
1A 9 6 .  AO 1 1 0 . 2A 1 2 . 6 5
15 9 5 .  50 1 0 8 . 3 9 1 7 . 9 5
16 9 A . 50 1 0 6 . 3 4 1 8 . 9 8
17 9 3 . 3 8 1 0 4 . 0 4 2 2 .  79
18 9 2 . 3 0 1 0 1 . 8 3 3 . 8 6
19 9 2 . 1 2 1C 1 . 4 6 C.OQ
20 9 2 . 1 2 1 0 1 . 4 6 5 3 . 9 0
8 9 . 0 6 9 5 . 1 8
l*+8
A P P E N D I X  C
RUN NUMBER 1 4 . 0
CVERALL HEAT TRANS. COEFF. U = 1 6 . 5 3
CVERALL H T .  OF TRANS. U N I T ,  HTUOO = 1 . 3 6
VOLUMETRIC HFAT TRANS COEFF, UVOL = 2 5 8 8 . 4 5
RATE OF HEAT TRANSFER, Q = 2 2 2 1 9 . 5 5
DRCP DIAMETER IN F T .  = 0 . C 1 7 1
I NTERFACIAL  CCNTACT AREA =
FRACTICNAL HOLDUP = 0 . 4 4 7 5
7 9 . 3 7
HASS VELCCITY OF OI L  = 
VELOCITY CF O I L ,  FT/SEC =
HASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
6 9 9 0 . 9
0 . 0 9
1 0 0 9 2 . 7
0 . 0 8 2 5
RELATIVE VELOCITY CF OI L  TO WATER = 
CENTRAL COLUMN HEAT IRANS COEFF = 
CENTRAL COLUMN HTU = 1 . 2 6
0 . 1 7 5 7
1 8 . 7 3
COL. SECTION WATER TEMP AT OI L  TEMP AT U FOR
NUMBER SECT BCTTOM SECT BOTTOM SECTION
1 1 1 2 . 4 6 1 5 7 . 6 4 1 9 .  39
2 1 0 7 . 0 0 1 4 2 . 5 6 2 6 . 9 4
3 1 0 4 . CC 1 3 4 . 2 8 1 9 . 2 4
4 1 0 2 . 0  2 1 2 8 . 8 1 1 . 5 4
5 1 0 1 . 8 4 1 2 8 . 3 1 14.  52
6 1 0 0 . 4 0 1 2 4 . 3 4 5 . 5 5
7 9 9 . 8 6 1 2 2 . 8 4 2 1 . 7 2
8 9 8 .  C6 1 1 7 . 8 7 2 9 .  17
9 9 5 . 7 2 1 1 1 . 4 1 2 2 . 8 3
10 9 4 . 4 6 1 0 7 . 9 3 2 6 . 2 7
11 9 3 . C2 1 0 3 . 9 6 3 2 . 9 7
12 9 1 . 9 4 1C 0 . 9 7 2 1 . 6 8
13 9 1 . 0 4 9 8 .  49 c . o o
14 9 1 . 0 4 9 8 . 4 9 2 3 . 2 5
15 9 0 . 3 2 9 6 . 5 0 2 4 . 5 8
16 8 9 . 7 0 9 5 . 0 1 1 6.  34
17 8 9 . 4 2 9 4 . 0 1 1C. 12
18 8 9 . 2 4 9 3 .  52 2 . 2 4
19 8 9 . 2 0 9 3 . 4 1 2 . 9 1
2C 8 9 . 1 5 9 3 . 2 7 3 . 5 1
8 9 . 0 6 9 3 . C2
1^9
A P P E N D I X  C
RUN NUMBER 1 5 . 0
CVERALL HEAT TRANS.  COEFF.  U = 1 4 . 2 1
CVERALL H T .  OF TRANS.  U N I T ,  HTUCJD » 1 . 3 7
VCLUFETRI C HEAT TRANS COEFF,  UVOL = 2 5 6 5 . 2 8
RATE CF HEAT TRANSFER,  Q = 2 2 0 2 0 . 6 5
DRCP DIAMETER IN F T .  = 0 . 0 1 7 1
I N T E R F A C I A L  CONTACT AREA = 9 1 . 4 9
FRACTIONAL HCLCUP = 0 . 5 1 5 8
MASS V E L C CI T Y  OF O I L  = 
V E L CC I TY  CF O I L »  F T / S E C  =
PASS V E L C CI T Y  OF WATER = 
VELOCITY CF WATER, F T / SE C  =
6 9 9 0 . 9  
0 . 0 8
1 2 6 1 4 . 8  
0 . 1 1 7 6
R E LA TI V E VELOCITY OF O I L  TO WATER = 
CENTRAL CCLUNN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 1 . 4 0
0 . 1 9 8 6
1 6 . 1 6
C OL .  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 0 9 . 9 4 1 5 7 . 1 0 2 5 . 0 2
2 1 0 2 . 5 2 1 3 5 . 1 8 5 . 9 7
3 1 0 1 . 8 4 1 3 1 . 8 1 1 0 . 1 5
4 1 0 0 . 7 6 1 2 8 . 4 3 1 3 . 9 3
5 9 9 . 1 4 1 2 3 . 3 7 5 . 6 5
6 9 8 . 6 0 1 2 1 . 6 9 11 .62 .
7 9 7 . 5 2 1 1 8 . 3 1 3 5 .  24
8 9 5 . 0 0 1 1 0 . 4 5 4 2 .  92
9 9 2 . 4 8 1 0 2 . 5 8 4 3 . 4 9
1C 9 1 . 0 4 5 8 . 0 8 9 . 2 7
11 9 0 . 7 5 9 7 .  17 2 .  32
12 9 0 . 7 0 9 7 . 0 2 0 .  61
13 9 0 . 6 8 9 6 . 9 5 1 4 . 9 0
14 9 0 . 3 2 9 5 . 8 3 4 . 7 8
15 9 0 .  20 5 5 . 4 6 2 . 9 3
16 9 0 .  14 9 5 .  27 7 . 9 7
17 8 9 . 5 6 9 4 . 7 1 0 . 0 0
18 8 9 . 9 6 9 4 . 7 1 5 . 5 4
19 8 9 . 8 5 9 4 .  36 3 . 7 5
20 8 9 . 7 8 9 4 . 1 4 1 4 . 0 2
8 9 . 4 2 9 3 . 0 2
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A P P E N D I X  c
RUN NUMBER 1 7 . 0
CVERALL HEAT TRANS. COEFF. U = 1 0 . 9 7
CVERALL HT.  OF TRANS. U N I T ,  HTUOD *  3 . 5 2
VOLUMETRIC HEAT TRANS COEFF, UVOL *  1 4 9 4 . 6 7
RATE CF HEAT TRANSFER, Q = 1 4 9 9 7 . 8 4
DRCP CIAMETER IN FT .  = 0 . 0 1 6 4
INTERFACIAL CONTACT /REA = 6 9 . 0 6
FRACTI ONAL HOLDUP = 0 . 3 7 3 4
MASS VELCCITY OF O I L  = 1 0 4 8 6 . 3
VELOCITY OF O I L ,  FT/SEC = C . 1 7
MASS VELCCITY OF WATER = 2 5 2 4 . 6
VELOCITY CF WATER, FT/SEC = 0 . 0 1 8 2
RELATIVE VELOCITY CF O I L  TO WATER = 0 . 1 8 8 5
CENTRAL COLUMN HEAT TRANS COEFF = 7 . 9 2
CENTRAL COLUMN HTU = 4 . 9 0
COL. SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 4 7 . C2 1 5 5 . 1 2 3 . 2 1
2 1 4 6 . 4 0 1 5 4 . 8 2 6 . 3 0
3 1 4 5 . 8C 1 5 4 . 5 3 4 . 8 1
4 1 4 5 . 3 0 1 5 4 . 2 9 4 . 7 7
5 1 4 4 . 6 8 1 5 3 . 9 9 5.  64
6 1 4 4 . CC 1 5 3 . 6 6 6 . 0 8
7 1 4 3 . 2 0 1 5 3 . 2 8 6 . 7 1
8 1 4 2 . 3 4 1 5 2 . 8 6 8 . C 2
9 1 4 1 . C8 1 5 2 . 2 6 14.  78
10 1 3 9 . CC 1 5 1 . 2 5 9 . 9 3
11 1 3 7 . 2 0 1 5 0 . 3 9 1 2 . 0 4
12 1 3 5 . 5 0 1 4 9 . 5 7 8 . 2 3
13 1 3 3 . 6 0 1 4 8 . 6 5 8 . 7 1
14 1 3 1 . 9 0 1 4 7 . 8 3 7 . 6 8
15 1 3 0 . 1 C 1 4 6 . 9 6 8 .  12
16 1 2 8 . 4 0 1 4 6 . 1 4 8 . 0 9
17 1 2 6 . 3 2 1 4 5 . 1 4 5 . 8 9
18 1 2 4 . 9 0 14 4 . 4 5 6 . 8 9
19 1 2 3 . ce 1 4 3 . 5 8 4 . 6 7
20 1 2 1 . 8 2 1 4 2 . 9 7 6 0 .  35
8 6 . 5 4 1 2 5 . 9 6
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APPENC I X  C
RUN NUMBER 1 8 . 0
CVERALL HEAT TRANS. COEFF. U = 1 0 . 7 8
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 3 . 3 1
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 5 0 3 . 7 9
RATE CF HEAT TRANSFER, Q = 1 8 3 7 9 . 9 1
CRCP DIAMETER IN FT .  = 0 . 0 2 0 7
INTERFACIAL CONTACT AREA = 7 0 . 7 2
FRACTI ONAL HCLDUP = 0 . 4 8 2 3
MASS VELCCITY OF OI L  = 9 9 7 9 . 7
VELCCITY CF O I L ,  FT/SEC = 0 . 1 2
MASS VELCCITY OF WATER = 5 0 4 7 . 4
VELCCITY OF WATER, FT/SEC = 0 . 0 4 4 0
RELATIVE VELOCITY OF O I U  TC WATER = 0 . 1 6 8 6
CENTRAL COLUMN HEAT TRANS COEFF « 3 . 8 7
CENTRAL COLUMN HTU = 8 . 9 8
COL. SECTION WATER TEMP AT OIL  TEMP AT U FOR
NUMBER SECT BOTTOM! SECT BOTTOM SECTION
1 1 2 4 . 1 6 1 4 9 . 1 8 1 8 . 5 4
2 1 1 8 . 8 0 1 4 3 . 5 5 5 . 8 2
3 1 1 8 . 0 0 1 4 2 . 7 1 0 . 9 6
4 1 1 7 . 8 6 1 4 2 . 5 6 2 . 0 5
5 1 1 7 . 5 0 1 4 2 . 1 9 1 . 1 5
6 1 1 7 . 3 2 1 4 2 . 0 0 3 .  28
7 1 1 6 . 7 8 1 4 1 . 4 3 0 . 0 0
8 1 1 6 . 7 8 1 4 1 . 4 3 0 . 4 5
9 1 1 6 . 7C 1 4 1 . 3 5 4 . 0 5
10 1 1 6 . 1 0 1 4 0 . 7 2 4 .  34
11 1 1 5 . 3 4 1 3 9 . 9 2 5.  66
12 1 1 4 . 6 2 1 3 9 . 1 6 0 . 9 2
13 1 1 4 . 4 4 1 3 8 . 9 7 8 . 0 4
14 1 1 3 . 2 0 1 3 7 . 6 7 5 . 7 2
15 1 1 2 . 2 0 1 3 6 . 6 2 7 . 4 6
16 111 . 1 0 1 3 5 . 4 7 6 . 4 3
17 1 1 0 . CO 1 3 4 . 3 1 6 . 5 5
18 1 0 9 . 0 0 1 3 3 . 2 6 6 .  87
19 1 0 7 . 9 0 1 3 2 . 1 1 6 .  51
20 1 0 6 . 8 8 1 3 1 . 0 4 7 9 . 2 1
8 8 . 1 6 1 1 1 . 3 8
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A P P E N D I X  C
RUN N U M B E R  1 9 . 0
CVERALL HEAT T R AN S.  COEFF.  U = 1 4 . 9 6
CVERALL H T .  OF T RANS.  U N I T ,  HTUOD = 2 . 1 9
VOLUMET R I C  HEAT TRANS COEFF,  UVOL = 2 3 2 9 . 7 7
RATE OF FEAT TRANSFER,  0 = 2 6 2 6 1 . 0 2
DROP DIAMETER IN  F T .  = 0 . 0 2 0 4
I N T E R F A C I A L  CCNTACT AREA = 7 8 . 9 7
FR AC T IO NA L  HOLOUP = 0 . 5 3 0 1
NASS V E L C C I T Y  CF O I L  = 
V E L O C I T Y  CF O I L ,  F T / S E C  =
PASS V E L C C I T Y  CF WATER = 
V E L C C I T Y  CF WATER, F T / S E C  =
1 0 1 3 1 . 7  
0. 1  1
7 5 7 1 . 7  
0 . 0 7 2 7
R E L A T I V E  V E L O C I T Y  CF O I L  TO WATER = 
CENTRAL COLUMN HEAT TRANS COFFF «
0 . 1 8 7 4
1 4 .  31
CENTRAL CCLUMN HTU = 2 . 5 8
COL.  SECT ICN WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 2 7 . 5 8 1 5 6 . 9 2 2 2 .  85
2 1 2 1 . 1 0 1 4 8 . 3 3 2 . 7 5
3 1 2 0 . 7 4 14 7 . 8 5 1 . 7 4
4 1 2 0 . 5C 1 4 7 . 5 3 3 . 6 2
5 1 1 9 . 9 0 1 4 6 . 7 4 9 .  54
6 1 1 8 . 5 0 1 4 4 . 8 8 1 3 . 2 5
7 1 1 6 .  5C 1 4 2 . 2 3 1 9 . 6 8
8 1 1 3 . 8 0 1 3 8 . 6 5 2 0 .  10
9 1 1 0 . 7 0 1 3 4 . 5 4 2 5 . 9 9
10 1 0 7 . 5 0 1 3 0 . 3 0 2 0 . 6 8
11 1 0 4 . 6 0 1 2 6 . 4 5 2 5 . 4 3
12 1 0 2 . 1 0 1 2 3 . 1 4 1 5 .  11
13 9 9 . 9 0 1 2 0 . 2 2 1 5 . 1 3
14 9 8 .  20 1 1 7 . 9 7 9 .  62
15 9 7 . CC 1 1 6 . 3 8 7 . 7 1
16 9 6 . 2 0 1 1 5 . 3 2 4 . 1 9
17 9 5 . 7 0 1 1 4 . 6 5 2 .  S3
18 9 5 . 4 0 1 1 4 . 2 6 3 . 6 2
19 9 5 . CC 1 1 3 . 7 3 1 0 . 1 0
20 9 3 . 9 2 1 1 2 . 2 9 3 9 . 6 9
8 7 . 0 0 1C 4 . 1 8
153
A P P E N D I X  C
RUN NUMBER 2 C . 0
CVERALL PEAT TRANS.  COEFF.  U = 1 A . 6 8
CVERALL H T .  OF TRANS.  U N I T ,  HTUOD = 2 . 1 9
VOLUMETRIC HEAT TRANS COEFF,  UVOL = 2 3 1 7 . 0 4
RATE CF HEAT TRANSFER,  Q = 2 7 2 6 5 . 3 9
DRCP DIAMETER IN F T .  = 0 . 0 2 0 7
I N T E R F A C I A L  CONTACT AREA = 8 0 . 0 4
FRACTIONAL HOLDUP = 0 . 5 4 5 9
MASS V EL C CI T Y OF O I L  = 
VE L CC I TY  OF O I L ,  F T / S E C  =
MASS V E L C CI T Y  CF WATER = 
V EL CCI TY  CF WATER, F T / S E C  =
1 0 1 3 1 . 7  
0 . 1  1
1 0 0 9 5 . 5  
0 .  1 0 0 3
R E LA TI V E VELOCITY OF O I L  TC WATER =
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 2 1 1 5
1 4 . 1 2
CENTRAL COLUMN HTU = 2 . 2 2
COL .  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECT ION
1 1 1 4 . 4 4 1 5 4 . 5 8 1 0 . 2 3
2 1 1 1 . 8 4 1 4 9 . 2 2 2 8 . 2 3
3 1 C 8 . 6 8 1 4 2 . 7 1 3 . 1 9
4 1 0 8 . 3 2 1 4 1 . 9 7 1 9 .  31
5 1 0 5 . 8C 1 3 6 . 7 7 1 4 . 8 0
6 1 0 4 . 1 8 1 3 3 . 4 4 2 8 .  97
7 1 0 1 . 1 2 1 2 7 .  13 3 0 .  55
8 9 8 . 4 2 1 2 1 . 5 7 2 9 .  55
9 9 5 . 7 2 1 1 6 . 0 0 1 5 .  58
10 9 4 . 6 4 1 1 3 . 7 8 1 1 .  56
11 9 3 . 7 4 1 1 1 . 9 2 1 6 . 7 2
12 9 2 . 8 4 1 1 0 . 0 7 1 6 . 3 3
13 9 1 . 5 8 1 0 7 . 4 7 0 .  00
14 91 . 5 8 1 0 7 . 4 7 1 3 .  89
15 9 0 . 6 8 1 0 5 . 6 2 1 0 . 3 5
16 9 0 .  14 1 0 4 . 5 0 4 . 0 7
17 8 9 .  SC 1 0 4 . 0 1 5 .  82
18 8 9 . 6 0 1 0 3 . 3 9 0 .  00
19 8 9 . 6 0 1 0 3 . 3 9 C. 00
20 8 9 .  60 1C 3 .  39 2 4 . 0 0
8 7 ,  8C 9 9 . 6 8
15̂
A P P E N D I X  C
RUN NUMBER 2 1 . 0
CVERALL HEAT TRANS. COEFF.  U = 1 3 . 3 9
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 2 . 3 2
VOLLMETRIC HFAT TRANS CGEFF, UVOL = 2 1 5 7 . 7 6
RATE CF HEAT TRANSFER, Q = 2 7 0 2 7 . 0 9
CRCP DIAMETER IN FT .  = 0 . 0 2 0 7
I NTERFACIAL  CONTACT AREA = 8 1 . 6 7
FRACTIONAL HCLDUP = 0 . 5 5 7 0
PASS VFLCCITY OF OI L  = 
VELCCITY CF O I L ,  FT/SEC =
PASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC =
9 9 7 9 . 7  
0 . 1 1
12 6 1 8 . 9  
0 . 1 2 3 6
RELATIVE VELCCITY OF O I L  TC WATER = 
CENTRAL CCLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 2 . 2 9
0 . 2 3 6 8  
1 2 .  15
COL.  SECTION WATER TFMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
I 1 0 7 . 6 0 1 5 9 . 9 0 1 0 . 6 5
2 1 0 5 . 2 6 1 9 7 . 7 5 1 1 . 0 3
3 1 0 9 . 1 8 1 9 9 . 6 8 1 9 . 7 1
9 1 0 2 . 7 9 1 9 0 . 5 8 1 5 . 8 0
5 1 0 1 . CC 1 3 5 . 6 9 2 1 .  15
6 9 9 . 1 0 1 3 0 . 2 9 2 9 . 9 6
7 9 7 . 0 0 1 2 9 . 2 7 3 1 . 8 9
8 9 9 . 8 2 1 1 8 . 0 7 3 5 . 0 3
9 9 2 . 9 6 1 1 1 . 9 2 7 . 7 0
10 9 2 . 1 0 1 1 0 . 3 9 5 . 3 1
11 9 1 . 8 0 1 0 9 . 9 9 0 . 9 9
12 9 1 . 7 6 1C 9 . 3 7 1 2 . 1 3
13 9 1 . C9 1 0 7 . 3 3 9 . 0 1
19 9 0 . 8 6 1 C 6 . 81 5 . 2 3
15 9 0 . 6 0 1 C 6 . 0 8 2 . 9 3
16 9 0 . 5 0 1 0 5 . 7 9 8 .  63
17 9 0 . 1 C 1 0 9 . 6 5 7 . 5 7
16 8 9 . 8 0 1C 3 . fin 7 .  50
19 8 9 . 5C 1 C ? . 9 5 6 . B 6
20 8 9 . 2 9 10 2 . 2 1 2 0 . 5 9
8 8 . 1 6 9 9 .  19
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A P P E N D I X  C
RUN NUMBER 3 1 . 0
CVERALL HEAT TRANS. COEFF. U = 
CVERALL l -T .  OF TRANS. U N I T ,  HTUOO = 
VOLUFETRIC HEAT TRANS COEFF, UVOL =
14.  36
1 . 6 3
1 2 3 4 . 2 1
RATE CF FEAT TRANSFER, 0 = 
DRCP DIAMETER IN FT .  =
1 2 5 7 B . 16 
0 . 0 0 9 1
1NTEPFACIAL CONTACT AREA = 4 3 . 5 8
FRACTIONAL HOLDUP = 0 . 1 2 9 7
PASS VELCCITY OF OI L  = 
VELCCITY CF O I L ,  FT/SEC =
PASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC =
4 0 0 2 . 0
0 . 1 8
2 5 2 6 . 3
0 . C 1 3 1
RELATIVE VELOCITY CF O I L  TO WATER = 
CENTRAL CCLUNK HEAT TRANS COEFF =
0 . 1 9 7 3  
7 .  76
CENTRAL COLUMN HTU - 2 .  34
COL. SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 2 2 . 7 2 1 5 7 . 6 4 0 . 9 1
2 1 2 2 . 3 6 1 5 7 . 0 5 1 . 9 2
3 1 2 2 . 0 0 1 5 6 . 4 7 7 .  19
4 1 2 0 . 6 0 1 5 4 . 1 8 5 . 6 4
5 1 1 9 . 3 0 1 5 2 . 0 7 8 . 9 8
6 1 1 7 . 5 0 1 4 9 . 1 3 6 . 1 6
7 1 1 6 . 2 4 1 4 7 . 0 8 6 .  10
8 1 1 5 . 1 C 1 4 5 . 2 2 7 .  56
9 1 1 3 . 5 0 1 4 2 . 6 1 8 . 8 1
10 1 1 2 . 0 0 1 4 0 . 1 7 9 . 2 4
11 1 1 0 . 2 0 1 3 7 . 2 3 1 2 . 4 7
12 1 0 8 . 5 0 1 3 4 . 4 6 9 . 4 9
13 1 0 6 . 6 0 1 3 1 . 3 6 1 2 .  51
14 1 0 4 . 7 0 1 2 8 . 2 7 1 3 . 0 7
15 1 0 2 . 5 6 1 2 4 . 7 8 1 6 , 5 3
16 1 0 0 . 4 0 1 2 1 . 2 6 1 1 . 2 5
17 9 8 . 7 8 1 1 8 . 6 2 1 1 . 2 3
18 9 7 . 4C 1 1 6 . 3 7 1 0 . 6 7
19 9 6 . C 8 1 1 4 . 2 1 14.  04
2C 9 4 . 4  6 1 1 1 . 57 8 0 . 9 8




3 2 . 0
CVERALL HEAT TRANS. COEFF.  U = 2 1 . 84
CVERALL HT.  OF TRANS. U N I T ,  HTUOC = 0 . 8 3
VOLUMETRIC HEAT TRANS CCEFF, UVOL = 2 4 2 4 . 5 5
RATE CF HEAT TRANSFER, Q = 1 3 9 0 2 . 2 7
CRCP DIAMETER IN FT .  = 0 . 0 0 9 1
I NTERFACIAL  CONTACT AREA = 5 6 . 2 8
FRACTIONAL HCLCUP = 0 . 1 6 7 7
MASS VELCCITY CF C I L  = 
VELCCITY OF G I L ,  FT/SEC =
MASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
4 0 0 2 . C 
0 . 1 4
5 0 5 1 . 7
0 . C 2 7 4
RELATIVE VELCCITY OF O I L  TC WATER =
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 1 6 9 3
1 9 .  32
CENTRAL CCLUMN HTU = 0 . 9 8
COL.  SECT ICN WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 3 . 5 4 1 5 6 . 2 0 0 . 4 3
2 1 1 3 . 3 6 1 5 5 . 7 6 7 . 3 9
3 1 1 1 . 9 2 1 5 2 . 2 7 2 4 . 3 4
4 1 0 7 . 4 2 1 4 1 . 3 5 5 . 3 3
5 1 0 6 . 3 4 1 3 8 . 7 3 6 . 2 3
6 1 0 5 . 2 6 1 3 6 . 1 1 1 5 . 3 0
7 1 0 2 . 7 0 1 2 9 . 9 0 1 7 . 3 8
8 1 0 0 . 3C 1 2 4 . C8 2 0 . 1 3
9 9 7 . 5 2 1 1 7 . 3 4 1 6 . 3 7
10 ■ 9 5 . 9 0 1 1 3 . 4 1 2 5 . 2 8
11 9 3 . 4 0 1 0 7 . 3 4 4 0 .  69
12 9 1 . 1 0 1 0 1 . 7 6 3 8 .  14
13 8 8 . 7 0 9 5 . 9 4 5 3 .  99
14 8 6 . 9 0 9 1 . 5 7 6 . 1 1
15 8 6 . 7 2 9 1 .  14 1 5 . 8 2
16 8 6 . 3 6 9 0 . 2 6 0 . 0 0
17 8 6 . 3 6 9 0 . 2 6 0 . 0 0
18 8 6 .  36 9 0 .  26 0 . 0 0
19 8 6 . 3 6 9 0 .  26 2 6 .  36
20 8 5 . 8 2 8 8 . 9 5 8 2 . 9 5
8 4 . 3 8 8 5 . 4 6
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A P P E N D I X  C
RUN NUMBER 3 2 . 0
OVERALL HEAT TRANS. COEFF. U = 1 9 . 7 6
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = C . 7 7
VOLUP ETRIC HEAT TRANS COEFF, UVOL = 2 6 2 5 . 6 8
RATE CF HEAT TRANSFER, Q = 1 5 0 8 9 . 0 7
ORCP DIAMETER IN FT .  = 0 . 0 0 8 7
I NTERFACIAL  CONTACT AREA = 6 7 . 3 6
FRACTIONAL HOLDUP = 0 . 1 9 3 0
PASS VELCCITY CF O I L  = 
VELOCITY CF O I L ,  FT/SEC =
PASS VELCCITY GF WATER = 
VELCCITY CF WATER, FT/SFC =
AC0 2 . 0  
0 . 1 2
7 5 7 6 . 6
0 . 0 A 2 3
RELATIVE VELCCITY CF OI L  TO WATER = 
CENTRAL CCLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 0 . R 7
0 . 1 6 5 7
1 6 .  17
CCL. SECTION WATER TEPP AT OI L  TEMP AT U FOR
NUPBER SECT BCTTOM SECT BOTTOM SECTION
1 1 0 3 . 6A 1 6 1 . 6 0 A . 66
2 1 0 1 . 8A 1 5 A. 2 6 2 0 .  41
3 9 8 . 6 0 141 . 0 5 1 1 .  13
A 9 7 . CO 1 3 A . 53 9 . 7 2
5 9 5 . 5 0 1 2 8 . 4 1 1 1 .  53
6 9 A .  10 1 2 2 . 7 1 3 . 0 8
7 9 3 . 7A 1 2 1 . 2A 2 0 . 8 5
8 9 1 . 7 6 1 1 3 . 1 7 1 1 . 9 6
9 9 0 . 6 8 1 0 8 . 7 6 1 3 . 8 0
10 8 9 . 8 0 1 0 5 . 1 8 1 1 . A7
11 8 9 . 0 6 1 0 2 . 1 6 1 1 . 2 2
12 8 8 . 6 0 1 0 0 . 2 8 15.  1A
13 8 7 . 8 0 9 7 . 0 2 1 5 . 9 6
1A 8 7 . 2 6 9 4 .  82 5 .  38
15 8 7 . 0 8 9 4 . 0 9 1A • 39
16 8 6 . 7 2 9 2 . 6 2 3 3 . 8 3
17 8 6 . 0 0 8 9 .  68 4 8 .  12
18 8 5 . A fc 8 7 . 4 6 2 4 .  AO
19 8 5 . 2 8 8 6 . 7 5 6 8 . 7 4
20 8 5 . CO 8 5 . 6 1 2 6 .  30
8 A . 9 2 8 5 . 2 8
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A P P E N D I X  C
PUN NUMBER 3 4 . 0
CVERALL HEAT TRANS. COEFF. U = 1 5 . 5 4
OVERALL HT.  OF TRANS. U N I T ,  HTUOD = 0 . 8 4
VOLUMETRIC HEAT TUANS COEFF, UVOL = 2 4 1 1 . 8 5
RATE CF HEAT TRANSFER, G = 1 4 9 4 0 . 7 6
CRCP DIAMETER IN FT.  = 0 . 0 0 8 8
INTERFACIAL  CONTACT AREA = 7 8 . 7 1
FRACTIONAL HOLDUP = C . 2 2 7 8
PASS VELCCITY OF OI L  = 4 0 0 2 . 0
VELCCITY CF O I L ,  FT /SEC = C . 1 0
PASS VELCCITY CF WATER = 1 0 1 0 1 . 7
VELOCITY CF WATER, FT/SEC 0 . C 5 9 0
RELATIVE VELCCITY CF O I L  TC WATER = 0 . 1 6 3 5
CENTRAL CCLUMN HEAT TRANS COEFF = 2 1 . 0 0
CENTRAL COLUMN HTU = 0 . 7 7
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 0 3 . 6 4 1 6 1 . 2 4 2 6 . 0 1
2 9 4 . 6 4 1 2 4 . 5 4 1 4 . 6 0
3 9 3 . 0 2 1 1 7 . 9 4 5 .  19
4 9 2 . 4 8 1 1 5 . 7 3 7 .  86
5 9 1 . 5 8 1 1 2 . 0 6 1 . 8 9
6 9 1 . 4 0 1 1 1 . 3 3 1 4 . 2 3
7 9 0 .  14 1 C 6 . 19 2 . 4 6
e 8 9 . 9 6 1C 5 . 4 6 17.  32
9 8 8 . 7 0 1 0 0 . 3 2 - 6 . 5 7
10 8 9 . C6 1C 1 . 7 9 8 . 5 4
11 8 8 . 5 2 9 9 .  59 8 . 8 3
12 8 8 .  16 9 8 .  12 7 . 4 0
13 8 7 . 7 5 9 6 . 4 5 1 3 . 0 9
14 8 7 . 2 6 9 4 . 4 5 7 .  14
15 8 7 . CO 9 3 .  39 3 .  53
16 8 6 . 9 0 9 2 . 9 8 5.  88
17 8 6 . 7 2 9 2 . 2 5 8 3 . 3 2
18 8 5 . 4 6 6 7 . 1 1 7 2 . 7 5
19 8 5 .  10 8 5 .  64 0 . 0 0
20 8 5 . 1 0 8 5 .  64 0 . 0 0
8 5 .  1C 8 5 .  64
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A P P E N D I X  C
PUN NUMBER 3 5 . 0
CVERALL HEAT TRANS. COEFF. U = 1 8 . 4 2
CVERALL F T .  OF TRANS. U N I T ,  HTUOD = 0 . 7 4
VOLUMETRIC HEAT TRANS COEFF, UVOL = 2 7 2 4 . 0 6
RATE CF FEAT TRANSFER, G = 1 5 0 2 0 . 8 9
DRCP DIAMETER IN F T .  = 0 . 0 1 0 5
INTERFACIAL CONTACT AREA = 7 4 . 9 6
FRACTIONAL HOLDUP = 0 . 2 5 7 9
MASS VELCCITY CF O I L  = 
VELCCITY CF C I L ,  FT/SEC =
MASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC =
4 0 0 2 . 0
0 . 0 9
1 2 6 2 5 . 6  
C . 0 768
RELATIVE VELCCITY CF O I L  TO WATER = 
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 1 6 9 1
1 0 . 4 6
CENTRAL CCLUMN HTU = 1 . 3 1
COL. SECTION WATER TEMP AT OI L  TEMP AT U FUR
NUMBER SECT BCTTCM SECT BOTTOM SECTION
1 9 7 . 7 0 1 6 1 . 7 8 1 9 . 2 2
2 9 2 . 8 4 1 3 1 . 1 7 2 1 . 7 4
3 9 1 . 0 4 1 1 9 . 8 3 2 . 3  9
4 9 0 . 8 6 1 1 8 . 7 0 8 . 6 4
5 9 0 .  14 1 1 4 . 1 6 3 . 5 5
6 8 9 . 9 0 1 1 2 . 6 5 4 . 4 9
7 8 9 . 6 0 1 1 0 . 7 6 1 6 . 9 3
8 8 8 . 7C 1C 5 . 0 9 1 0 . 8 6
9 8 8 .  16 1C 1 . 6 9 1 1 . 9 0
10 8 7 . 7 5 9 9 . 1 1 8 . 9 5
11 8 7 . 4 4 9 7 . 1 6 1 1 . 0 3
12 8 7 . 2C 9 5 . 6 5 4 . 0 2
13 8 7 .  C8 9 4 . 8 9 1 9 . 2 7
14 8 6 . 7 0 9 2 .  50 1 1 . 4 7
15 8 6 .  50 9 1 . 2 4 1 1 . 4 4
16 8 6 . 3 6 9 0 . 3 5 o . c o
17 8 6 . 3 6 9 0 . 3 5 2 7 .  37
18 8 6 .  10 8 8 .  72 6 .  57
19 8 6 . 0 5 8 8 . 4 0 7 . 5 0
20 8 6 , CC 8 8 . C9 1 0 0 . 0 2
8 5 . 6 4 8 5 . 8 2
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A P P E N D I X  C
RUN NUMBER 3 6 . 0
CVERALL PEAT TRANS. COEFF. U = 1 7 . 7 3
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 1 . 3 9
VOLUMETRIC HEAT TRANS COEFF, UVOL = 2 1 9 3 . 4 6
RATE CF HEAT TRANSFER, C = 1 6 8 7 6 . 9 6
CRCP DIAMETER IN F T .  = 0 . 0 0 9 4
INTERFACIAL  CONTACT AREA = 6 2 . 7 3
FRACTIONAL HOLDUP = 0 . 1 9 3 0
PASS VELCCITY OF O I L  = 
VELCCITY CF O I L ,  FT/SEC =
PASS VELCCITY OF WATER = 
VELCCITY CF WATFR, FT/SEC =
6C2 8 . 4  
0 . 1 9
2 5 2 6 . 0
0 . 0 1 4 1
RELATIVE VELOCITY CF OI L  TO WATER = 
CENTRAL CCLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 1 .5 C
0 . 2 0 1 1
12.  63
COL. SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 4 2 . 3 4 1 6 1 . 9 6 1 . 7 0
2 1 4 1 . 6 0 1 6 1 . 3 7 9 . 5 4
3 1 4 0 . 3 6 1 5 9 . 8 1 1 1 . 7 4
4 1 3 8 . 5 0 1 5 7 . 7 9 1 2 . 0 8
5 1 3 6 . 2 0 1 5 5 . 2 9 17.  19
6 1 3 3 . 3 0 1 5 2 . 1 4 1 8 . 8 5
7 1 3 0 . CC 1 4 6 . 5 5 2 9 .  56
8 1 2 5 . 2 4 1 4 3 . 3 8 2 1 . 4 6
9 1 2 1 . 2 8 1 3 9 . 0 8 3 4 .  71
10 1 1 6 . 0 6 1 3 3 . 4 1 1 9 .  15
11 1 1 2 . 7 0 1 2 9 . 7 6 2 2 .  22
12 1 0 9 . 9 0 1 2 6 . 7 2 12 .  57
13 1 0 7 . 5 0 1 2 4 .  11 11.  98
14 1 0 5 . 7 0 1 2 2 . 1 5 6 .  85
15 1 0 4 . 5 4 1 2 0 . 8 9 2 2 .  87
16 1C1.3C 1 1 7 . 3 7 3.  30
17 1 0 0 . 7 6 1 1 6 . 7 9 9 . 9 1
18 9 9 . 3 2 1 1 5 . 2 2 5.  93
19 9 8 . 4  2 1 1 4 . 2 4 2 . ^ 3
20 9 8 . 0 6 1 1 3 . 8 5 6 4 .  03
8 4 . 0  2 9 8 .  60
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A F P E N C I  X C
RUN NUMBER 37 . 0
CVERALL HEAT TRANS. COEFF.  U = 1 3 .  5 A
CVERALL HT.  OF TRANS. U N I T ,  HTUOC = 1 . 5 9
VCLUMETRIC HEAT TRANS COEFF, UVOL = 1 9 2 0 . 5 9
RATE CF HEAT TRANSFER, Q = 2 0 2 7 5 . 3 2
ORCP DIAMETER IN FT .  = 0 . 0 1 0 0
INTERFACIAL  CONTACT AREA = 7 1 . 9 1
FRACTIONAL HCLCUP = 0 . 2 3 7 3
PASS VFLCCITY CF C I L  = 
VELCCITY CF O I L ,  FT/SEC =
HASS VELCCITY CF WATER *  
VELCCITY OF WATER, FT/SEC =
60 28 * A 
0 . 1 5
5 0 5 1 . 5
0 . 0 2 9 9
RELATIVE VELCCITY OF O I L  TC WATER = 
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL CCLUMN HTU = 2 . 4 6
0 .  1816 
8 .  35
COL. SECTION WATER TEMP AT OI L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 2 3 . 4 4 1 6 2 . 1 4 5 . 6 4
2 1 1 9 . 3 0 1 5 4 . 9 0 1 5 . 0 6
3 1 1 6 . 4 2 1 4 9 . 8 5 6 .  50
4 1 1 5 . 1 6 1 4 7 . 6 5 3 . 1 3
5 114 . 4 4 1 4 6 . 3 9 1 1 . 7 8
6 1 1 2 .  10 1 4 2 . 3 0 2 . 6 7
7 1 1 1 . 5 6 1 4 1 . 3 5 1 4 . 9 0
8 1 0 8 . 8 6 1 3 6 . 6 2 1 0 .  88
9 1 0 6 . 7 0 1 3 2 . 8 4 4 . 5 4
10 1 0 5 . 9 8 1 3 1 . 5 8 7 . 5 7
11 1 0 4 . 6 0 1 2 9 . 1 7 1 0 . 9 9
12 1 0 3 . 2 0 1 2 6 . 7 2 7 . 4 9
13 1 0 1 . 8C 1 2 4 . 2 7 9 .  15
14 1 0 0 . 5 0 1 2 1 . 9 9 8 . 8 2
15 9 9 .  14 1 1 9 . 6 2 14 .  60
16 9 7 . 3 4 1 1 6 . 4 7 7 . 6 5
17 9 6 .  3C 1 1 4 . 6 5 8 . 5 7
18 9 5 . 3C 1 1 2 . 9 0 7 . 1 2
19 9 4 . 4 6 1 1 1 . 4 3 6.  43
20 9 3 .  74 11C.  16 7 0 .  16
8 4 . 5 6 9 4 .  10
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APPENDIX C 
RUN NUMBER ' 3e . O  
OVERALL HEAT TRANS. COEFF. U = 13. 63
OVERALL F T .  CF TRANS. U N I T ,  HTUOD = 1 . 4 6
VOLUFETRIC HEAT TRANS COEFF, UVOL = 2 0 8 8 . 0 4
RATE CF FEAT TRANSFER, Q = 2 1 6 2 4 . 8 9
DRCP DIAMETER IN F T .  = 0 . 0 1 1 3
I NTERFACIAL  CONTACT AREA = 7 7 . 6 8
FRACTIONAL HOLDUP = 0 . 2 8 8 0
FASS VELOCITY OF O I L  = 6 0 2 8 . 4
VELOCITY CF O I L ,  FT /SEC = 0 . 1 2
FASS VELOCITY CF WATER = 7 5 7 8 . 4
VELOCITY CF WATER, FT/SEC = C . 0 4 8 0
RELATIVE VELOCITY OF OI L  TO WATER = 0 . 1 7 2 8
CENTRAL COLUMN HFAT TRANS COEFF = 9 . 0 4
CENTRAL CCLUFN HTU = 2 . 3 0  *
COL. SECTION WATER TEFP AT O I L  TEMP AT U FOR
NUFBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 4 . 0 8 1 6 2 . 5 0 1 8 . 8 3
2 1 0 6 . 7 0 1 4 4 . 7 9 1 2 . 2 3
3 1 0 4 . 7 2 1 4 0 . 0 3 1 6 .  05
4 1 0 2 . 2C 1 3 3 . 9 8 3 . 0 1
5 1 0 1 . 6 6 1 3 2 . 6 9 4 . 6 1
6 1 0 0 . 9 4 1 3 0 . 9 6 3 .  39
7 1 0 0 . 4 0 1 2 9 . 6 6 3 . 7 2
8 9 9 . 8 6 1 2 8 . 3 7 7 . 7 9
9 9 8 . 6 0 1 2 5 . 3 4 1 2 . 9 9
10 ' 9 6 . 9 8 1 2 1 . 4 5 1 0 . 6 0
11 9 5 . 5 4 1 1 8 . 0 0 1 1 . 7 8
12 9 4 . 4 6 1 1 5 . 4 0 2 . 6 8
13 9 4 .  10 1 1 4 . 5 4 1 C . 6 6
14 9 3 .  G2 1 1 1 . 9 5 8 . 4 0
15 9 2 . 1 2 1 C 9 . 7 9 1 0 . 6 5
16 9 1 . 2 2 1 0 7 . 6 3 3 . 8 6
17 9 0 . 8 6 1 C 6 . 76 1 3 .  56
18 8 9 .  80 1C 4 . 2 2 1 2 . 0 2
19 8 8 . 9 0 10 2 . 0 6 1 3 . 4 7
2C 8 8 .  CC 9 9 . 9 0 5 7 . 9 6
8 3 . 8 6 8 9 . 9 6
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APPENDIX C 
RUN NUMBER 3 9 . 0
OVERALL HEAT TRANS. COEFF.  U = 1 2 . 1 1
OVERALL HT.  OF TRANS. U N I T ,  HTUOD = 1 . 3 4
VOLUMETRIC HEAT TRANS COEFF, UVOL = 2 2 7 3 . 9 8
RATE CF HEAT TRANSFER, 0 = 2 1 5 3 2 . 5 9
CRCP DIAMETER IN FT .  = O . O l l O
INTERFACIAL  CONTACT AREA = 9 5 . 1 8
FRACTICNAL HOLDUP = 0 . 3 4 4 9
MASS VELOCITY OF O I L  = 6 0 2 8 . 4
VELOCITY CF O I L ,  FT/SEC = 0 . 1 0
MASS VELOCITY CF WATER = 1 0 1 0 1 . 3
VELOCITY OF WATER, FT/SEC = 0 . 0 6 9 6
RELATIVE VELOCITY CF O I L  TC WATER = 0 . 1 7 3 7
CENTRAL COLUMN HEAT TRANS COEFF = 7 . 1 0
CENTRAL COLUMN HTU = 2 . 0 0
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 0 4 . 1 8 1 6 0 . 8 8 1 7 . 0 9
2 9 8 . 4 2 1 3 8 . 8 3 6 .  89
3 9 7 . 5 0 1 3 5 . 3 1 4 .  87
4 9 6 . 8 5 1 3 2 . 8 2 4 . 2 2
5 9 6 . 2 0 1 3 0 . 3 3 4 . 5 8
6 9 5 . 6 0 1 2 8 . 0 3 6 .  17
7 9 4 . 8 0 1 2 4 . 9 7 6 .  18
8 9 4 . 1 0 1 2 2 . 2 9 4 .  85
9 9 3 . 5 0 1 1 9 . 9 9 7 . 2 9
10 9 2 . 8 0 1 1 7 . 3 1 7 . 6 6
11 9 2 . 0 0 1 1 4 . 2 5 8 . 6 0
12 9 1 . 4 0 1 1 1 . 9 5 1 7 .  83
13 8 9 . 7 8 1 0 5 . 7 5 9 . 5 9
14 8 9 . 2 0 1 0 3 . 5 3 5 . 0 8
15 8 8 . 8 8 1 0 2 . 3 0 3 . 5 6
16 8 8 . 7 0 1 0 1 . 6 1 17 .  36
17 8 7 . 8 0 9 8 . 1 7 4 . 9 5
18 8 7 . 6C 9 7 . 4 0 7 . 6 1
19 8 7 . 2 0 9 6 .  25 8 .  53
20 8 7 . CO 9 5 . 1 1 5 0 . 9 8
8 5 . 2 8 8 8 . 5 2
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A P P E N D I X  C
RUN NUMBER 4 C . 0
OVERALL HEAT TRANS. COEFF. U = 1 2 . 0 3
CVERALL F T .  OF TRANS. U N I T ,  HTUOD = 1 . 3 5
VOLUMETRIC HEAT TRANS COEFF, UVOL = 2 2 6 1 . 4 5
RATE OF HEAT TRANSFER, Q = 2 1 6 4 4 . 0 3
DROP DIAMETER IN F T .  = 0 . 0 1 2 1
INTERFACIAL  CONTACT AREA = 9 5 . 3 4
FRACTIONAL HOLDUP = 0 . 3 7 9 7
MASS VELOCITY CF OI L  = 
VELOCITY CF O I L ,  FT/SEC =
MASS VELOCITY OF WATER = 
VELOCITY OF WATER, FT/SEC =
6 C 2 8 . 4
0 . 0 9
1 2 6 2 6 . 1
0 . C 9 1 8
RELATIVE VELOCITY OF OI L  TO WATER = 
CENTRAL COLUMN HEAT IRANS COEFF = 
CENTRAL COLUMN HTU = 1 . 1 9
0 . 1 8 6 4  
1 1 . 9 5
COL.  SECTION WATER TEMP AT OI L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 0 0 . 7 6 1 6 1 . 0 6 9 . 3 1
2 9 7 . 8 8 1 4 7 . 3 7 9 .  81
3 9 6 . 6 2 1 4 1 . 3 8 4 .  26
4 9 6 . 0 8 1 3 8 . 8 2 7 . 5 4
5 9 5 .  CO 1 3 3 . 6 8 14 .  39
6 9 3 . 3 8 1 2 5 . 9 8 1.  67
7 9 3 . 2 0 1 2 5 . 1 3 2 0 . 2 3
8 91 . 4 0 1 1 6 . 5 7 4 . 0 0
9 9 1 . 0 4 1 1 4 . 0 6 1 3 . 3 3
10 9 0 .  14 1 1 0 . 5 8 1 9 . 2 7
11 8 8 . e8 1 0 4 . 6 0 1 8 .  89
12 8 8 .  16 1 0 1 . 1 7 7 .  14
13 8 7 . 8 0 9 9 . 4 6 6 0 . 4 0
14 8 6 .  18 9 1 . 7 6 9 . 2 4
15 8 6 . CO 9 0 . 9 1 6 . 7 4
16 8 5 . 9C 9 0 . 4 3 6 . 3 0
17 8 5 . 8 0 8 9 . 9 6 7 . 7 3
18 8 5 . 7 0 8 9 . 4 8 8 . 1 3
19 8 5 . 6 0 8 9 . 0 1 9 . 2 6
20 8 5 . 5 0 8 8 . 5 3 2 . 6 2
8 5 . 4 6 8 8 . 3 4
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A F P E N C I X  C
RUN NUMBER 4 1 . 0
OVERALL FEAT TRANS. COEFF. U = 7 . 1 3
OVERALL F T .  OF TRANS. U N I T ,  HTUOD = 3 . 1 4
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 2 8 6 . 3 9
RATE OF FEAT TRANSFER, C = 1 7 7 1 9 . 0 1
DRCP DIAMETER IN F T .  = C . 0 1 0 4
INTERFACIAL CONTACT AREA = 9 1 . 4 3
FRACTIONAL HOLDUP = 0 . 3 1 3 3
MASS VELCCITY OF O I L  = 
VELOCITY CF O I L ,  FT/SEC =
MASS VELCCITY CF WATER = 
VELOCITY CF WATER, FT/SEC =
8 0 0 4 . 1  
0 . 1 5
2 5 2 7 . 6  
0 . 0  166
RELATIVE VELOCITY CF O I L  TO WATER =
CENTRAL COLUMN HEAT TRANS COEFF =
0 . 1 7 0 8
2 . 3 5
CENTRAL COLUMN HTU = 8 . 0 5
COL. SECT I CN WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT ROTTOM SECTION
1 1 4 1 . 0 8 1 6 1 . 4 2 12 .  15
2 1 3 4 . 4 2 1 5 6 . 4 3 4 . 5  9
3 1 3 3 . 1 6 1 5 5 . 4 9 2 . 4 5
4 1 3 2 . 4 4 1 5 4 . 9 5 1 . 0 1
5 1 3 2 . 0 8 1 5 4 . 6 8 o . c o
6 1 3 2 . C8 1 5 4 . 6 8 3 . 7 8
7 1 3 0 . 8 0 1 5 3 . 7 2 3 . 7 4
8 1 2 9 . 6 0 1 5 2 . 8 2 3 . 4 3
9 1 2 8 . 3 0 1 5 1 . 8 5 3 .  77
10 1 2 7 . 1 0 1 5 0 . 9 5 3 . 4 0
11 1 2 5 . 8 0 1 4 9 . 9 8 4 . 6 1
12 1 2 4 . 5 0 1 4 9 . 0 1 2.  74
13 1 2 3 . 3 0 1 4 8 . 1 1 3.  13
14 1 2 2 . 2 0 1 4 7 . 2 8 2 . 9 7
15 1 2 1 . 0 0 1 4 6 . 3 9 3 . 8 8
16 1 1 9 . 6 6 1 4 5 . 3 8 0 . 8 9
17 1 1 9 . 3 0 1 4 5 . 1 1 1 . 3 8
18 1 1 8 . EC 1 4 4 . 7 4 3 . 3 8
19 1 1 7 . 5C 1 4 3 . 7 6 2 .  36
20 1 1 6 . 6 0 1 4 3 . 0 9 5 1 . 7 6
8 1 . 2 2 1 1 6 . 6 0
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A P P E N D I X  C
RUN NUMBER A 2 . 0
CVERALL HEAT TRANS. COEFF.  U = 8 . 6 A
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 2 . 1 5
VOLUMETRIC HFAT TRANS CCFFF, UVOL = 1 8 7 2 . 2 5
RATE CF HEAT TRANSFER, C = 2258A. CO
CRCP DIAMETER IN FT .  = 0 . 0 1 0 6
INTERFACIAL  CONTACT AREA = 1 0 9 . 8A
FRACTICNAL HOLDUP = 0 . 3 B 2 9
MASS VELCCITY OF G I L  = 
VELCCITY CF O I L ,  FT/SEC =
MASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC
8C0A.1  
0 .  13
5 0 5 2 . 6
0 . 0 3 6 9
RELATIVE VELCCITY OF O I L  TO WATER =
CENTRAL COLUMN HEAT TRANS COEFF =
0 .  1623
A . 66
CENTRAL CCLUMN HTU = A . 11
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 3 0 .  1C 1 5 9 . 6 2 1 9 .  1A
2 1 1 9 . 8 0 I A 6 . 9 6 A.AA
3 1 1 8 . 7 0 1 A 5 . 6 1 3.  A7
A 1 1 7 . 8C 1 A A . 5 1 3 . 2 0
5 1 1 6 . 8C 1A 3 . 2 8 2 . 8 8
6 1 1 6 . 0 0 1 A 2 . 29 2 . 7 7
7 1 1 5 . 2 0 1 4 1 . 3 1 0 .  7A
8 1 1 5 . CC 1 A 1 . 0 6 0 . 6 A
9 1 1 A . 8 C 1A 0 . 8 2 5 . 5 9
10 1 1 3 . 3 6 1 3 9 . 0 5 2 . 5 1
11 1 1 2 . 6 0 1 3 8 . 1 2 A.  58
12 1 1 1 . 6 0 1 3 6 . 8 9 3 . 6 2
13 1 1 0 . AC 1 3 5 . A1 A . 61
1A 1 0 9 . 2 0 1 3 3 . 9A A . 79
15 1 0 7 . 3 0 1 3 2 . 2 2 6 . 5 7
16 1 0 6 . 2 0 1 3 0 . 2 5 6 . 5 9
17 1 0 A.  36 1 2 7 . 9 9 1 2 . 5 5
18 1 0 1 . 3 0 1 2A . 2 3 6 . 3 7
19 9 9 . 7 0 1 2 2 . 2 6 1.  56
20 9 9 . 3 2 1 2 1 . 8 0 A 5 • 9 3
8 3 . 5 2 1 0 2 . 3 8
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A P P E N D I X  C
RUN NUMBER 4 3 . 0
CVERALL HEAT TRANS. CCEFF.  U = 9 . 8 8
CVERALL HT .  CF TRANS. U N I T ,  HTUOD = 2 . 0 5
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 9 5 5 . 0 2
RATE OF FEAT TRANSFER, Q = 2 2 7 8 7 . 9 5
DRCP DIAMETER IN F T .  = 0 . C 1 2 5
I N TER FA CI AL  CONTACT AREA = 1 0 0 . 2 9
FRACTIONAL HOLDUP = 0 . 4 1 1 4
MASS VELCCITY CF O I L  = 
VELOCITY CF O I L ,  FT /SEC =
MASS VELCCITY CF WATER = 
VELOCITY CF WATER, FT/SEC =
8 0 0 4 .  1 
0 . 1 2
7 5 7 8 . 4
0 . C 5 8 1
RELATIVE VELOCITY OF OI L  TO WATER * 
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 3 .8 C
0 . 1 7 4 4  
5 .  22
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 3 . 7 2 1 5 3 . 6 8 14 .  54
2 1 0 7 . 7 8 1 4 2 . 1 1 7 . 0 4
3 1 0 6 . 5 2 1 3 9 . 6 6 2 . 9 2
4 1 0 5 . 9 8 1 3 8 . 6 1 1 . 6 3
5 1 0 5 . 6 2 1 3 7 . 9 1 5 .  58
6 1 0 4 . 5 4 1 3 5 . 8 1 7 . 3 5
7 1 0 3 . 1 0 1 3 3 . 0 0 4 . C 6
8 1 0 2 . 3 8 1 3 1 . 6 0 2 . 6 7
9 1 0 1 . 8 4 ’ 1 3 0 . 5 5 9 . 9 9
10 1 0 0 . 2 2 1 2 7 . 3 9 6 .  87
11 9 8 . 5 6 1 2 4 . 9 4 7 . 4 8
12 9 8 . 0 0 12 3 . 0 7 3 . 4 6
13 9 7 . 3 4 12 L . 7 9 7 . 3 7
14 9 6 . 2 6 1 1 9 . 6 8 7 . 9 3
15 9 5 . CO 1 1 7 . 2 3 9 . 8 8
16 9 3 . 7 4 1 1 4 . 7 8 3 . 7 8
17 9 3 . 2 0 1 1 3 . 7 3 1.  59
18 9 3 . 0 0 1 1 3 . 3 4 1.  53
19 9 2 .  EC 1 1 2 . 9 5 1 . 1 0
20 9 2 . 6 6 1 1 2 . 6 7 5 8 .  51




* ♦ 4 . 0
CVERALL HEAT TRANS. COEFF.  U = 9 . 6 8
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 1 . 9 3
VOLUMETRIC HFAT TRANS COFFF,  UVOL = 2 0 7 9 . 6 1
RATE CF HEAT TRANSFER, 0 = 2 4 3 0 3 . 6 6
CRCP DIAMETER IN FT.  = 0 . 0 1 3 4
INTERFACIAL  CONTACT AREA =
FRACTIONAL HCLDUP = 0 . 4 6 9 9
1 0 6 . 7 1
HASS VELCCITY OF O I L  = 
VELCCITY CT O I L ,  FT/SEC =
HASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC =
0 0 0 4 . 1  
0 . 10
1 0 1 0 2 . 5
0 . C 8 6 0
RELATIVE VELOCITY CF O I L  TO WATER = 
CENTRAL CCLUHN HEAT TRANS COEFF =
0 . 1 8 7 7  
6 . 2 7
CENTRAL COLUMN HTU = 2 . 5 8
COL.  SECTION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 0 5 . 4 4 1 5 4 . 9 4 5 . 9 9
2 1 0 3 . 2 8 1 4 8 . 4 8 1 4 .  97
3 1 0 0 . 9 4 1 4 1 . 4 8 4 . 6 6
4 1 0 0 . 2 2 1 3 9 . 3 3 3 . 9 8
5 9 9 . 5 0 1 3 7 . 1 7 3 . 4 4
6 9 8 . 9 6 1 3 5 . 5 6 1 7 . 9 8
7 9 6 . 2 6 1 2 7 . 4 8 - 5 . 3 9
8 9 6 . 9 8 1 2 9 . 6 3 2 1 .  37
9 9 3 . 9 2 1 2 0 . 4 8 8 . 6 2
10 9 3 . 0 2 1 1 7 . 7 9 9 .  44
11 9 1 . 9 4 1 1 4 . 5 6 2 4 .  59
12 9 0 . 1 4 1 0 9 . 1 7 5.  38
13 8 9 . 6 0 1 0 7 . 5 6 7 . 1 9
14 8 9 . C6 1 0 5 . 9 4 1.  95
15 8 8 . 9 0 1 0 5 . 4 6 2 . 9 5
16 8 8 .  70 1 0 4 . 8 7 2 .  34
17 8 8 . 5 ? 1 0 4 . 3 3 5 . 4 2
18 8 8 .  16 1 C 3 . 25 1 . 6 3
19 8 8 . C5 1 0 2 . 9 2 1 . 0 7
20 8 7 . 9 8 1C 2 . 7 1 4 2 . 4  8
8 4 . 7 4 9 3 . 0 2
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A P P E N D I X  C
RUN NUMBER A S . O
CVERALL HEAT TRANS. CUEFF.  U = 7 . 2 9
CVERALL F T .  OF TRANS. U N I T ,  HTUOD = 2 . 1 2
VOLUMETRIC HEAT TRANS CCEFF,  UVOL = 1 8 9 8 . 3 2
RATE CF FEAT TRANSFER, Q = 2 A 1 8 6 . 6 1
DROP DIAMETER IN F T .  = 0 . 0 1 2 1
INTEPFAC I AL  CONTACT AREA = 1 3 1 . 9 9
FRACTIONAL HOLDUP = 0 . 5 2 5 3
MASS VELCCITY CF C I L  = 
VELCCITY CF O I L ,  FT/SEC =
MASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
8 0 0 A . 1 
0 . C 9
1 2 6 2 7 . 1  
0 . 1 2 0 0
RELATIVE VELOCITY OF C I L  TO WATER *  
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 1 . 9 5
0 . 2 1 1 0
7 . 0 A
COL. SECT ION WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BCTTCM SECT BOTTOM SECTION
1 1 0 2 . 3 8 1 5 5 . 8 4 7 . 3 3
2 9 9 . 5 0 1 A 5 . 5 8 7 .  A5
3 9 8 . 2A 1 A1 . 0 9 5 . 3 5
A 9 7 . 3A 1 3 7 . 8 9 0 . 9 1
5 9 7 .  16 1 3 7 . 2A 7 . A 7
6 9 5 . 9 0 1 3 2 . 7 5 7 .  7A
7 9 A . 6 A 1 2 8 . 2 7 1 0 .  A5
8 9 3 . 2 0 1 2 3 .  1A 8 . 7 7
9 9 1 . 9A 1 1 8 . 6 5 8.  32
10 9 1 . CA 1 1 5 . AA 6 . 1 0
11 9 0 . 3 2 1 1 2 . 8 8 1 6 .  AA
12 8 9 . 0 6 1 0 8 . 3 9 10 . A 8
13 8 8 . 0 0 10 A . 61 1 0 . 5 3
1A 8 7 . 2 6 1 0 1 . 9 7 1 0 . 2 3
15 8 6 . 5A 9 9 .  A1 A . 98
16 8 6 . 2 7 9 8 .  A5 A . 53
17 8 6 . 0 0 9 7 .  A9 A . 98
18 8 5 . 7 5 9 6 .  60 5 . 0  2
19 8 5 .  50 9 5 . 7 0 A.  3A
20 8 5 .  3C 9 A . 99 2 . 9 7
8 5 .  10 9 A.  28
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A P P E N D I X  C
RUN NUPBER 46 . 0
CVERALL FEAT T RANS.  C OE F F .  U = 7 . 3 6
CVERALL F T .  OF T R A N S .  U N I T ,  HTUOO = 3 . 5 8
V O L U P E T R I C  FEAT TRANS COEFF ,  UVOL = 1 4 0 e . 7 5
RATE OF FEAT T RANSF ER,  Q = 2 0 6 4 4 . 1 5
DRCP C I A P E T E R  I N F T .  = 0 . 0 1 2 0
I N T E R F A C I A L  CONTACT * REA = 9 7 . C8
F R A C T I O N A L  HOLDUP =
PASS V E L C C I T Y  OF O I L  = 
V E L C C I T Y  CF O I L ,  F T / S E C  =
PASS V E L C C I T Y  CF WATER = 
V E L O C I T Y  CF WATER,  F T / S E C
0 . 3 8 2 9
9 9 7 9 . 7
0 . 1 6
2 5 3 1 . 2
0 . 0 1 8 5
R E L A T I V E  V E L O C I T Y  CF O I L  TO WATER =
CENTRAL CCLUPN FEAT TRANS COEFF =
0 . 1 7 6 0
3 .  4 7
CENTRAL COLUPN MTU = 6 . 4 0
C O L .  S E C T I O N WATER TEPP AT O I L  TEMP AT U FOR
NUPBER SECT BOTTOM SECT BOTTOM S EC T I ON
1 1 4 4 . 6 8 1 6 1 . 8 8 5 .  54
2 1 4 1 . 9 8 1 6 0 . 2 6 6 . 6 6
3 1 4 0 . 3 6 1 5 9 . 2 8 5 . 1 2
4 1 3 9 . 0 0 1 5 8 . 4 7 3 . 9 3
5 1 3 7 . 7 0 1 5 7 . 6 9 4 . 9 3
6 1 3 6 . 2 0 1 5 6 . 7 8 4 . 3 2
7 1 3 4 . 7 8 1 5 5 . 9 3 4 . 5 7
8 1 3 3 . 3 4 1 5 5 . 0 7 2 . 7 7
9 1 3 2 . 3 0 1 5 4 . 4 4 3 .  15
10 1 3 1 . 3 0 1 5 3 . 8 4 3 . 1 3
11 1 3 0 .  10 1 5 3 .  12 4 . 2 1
12 1 2 3 . 9 0 1 5 2 . 4 0 3 .  14
13 1 2 7 . 5 0 1 5 1 . 5 6 4 . 4 1
14 1 2 5 . 9 0 1 5 0 . 5 9 4 . 1 1
15 1 2 4 . 1 6 1 4 9 . 5 5 4 .  52
16 1 2 2 . 5 0 1 4 8 . 5 5 4 . 5 5
17 1 2 0 . 5 0 1 4 7 . 3 5 6 . 0 6
18 1 1 8 . C4 1 4 5 . 8 7 2 . 8 7
19 1 1 6 . 7 8 1 4 5 .  11 4 . 5 0
20 1 1 4 . 8 0 1 4 3 . 9 2 4 6 . 2 2
7 5 .  C2 1 2 0 . 0 2
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RUN NUPBER
A P P E N C I  X C
4 7 . 0
CVERALL HEAT T RAN S.  C O E F F .  U = 5 . 9 9
CVERALL H T .  OF T RAN S.  U N I T ,  HTUOD = 2 . 9 6
V O L U P E T R I C  HFAT TRANS C C E F F ,  UVOL = 1 6 9 C . 2 1
RATE CF HEAT T R A N S F E R ,  Q = 2 2 2 6 1 . 7 0
CRCP O I A P E T E R  I N  F T .  = 0 . 0 1 0 8
I N T E R F A C I A L  CONTACT AREA =
F R A C T I ON A L  HCLDUP = 0 . 5 0 9 5
1 4 3 . 0 1
PASS V E L C C I T Y  OF O I L  = 
V E L C C I T Y  CF O I L ,  F T / S E C  =
PASS V E L C C I T Y  OF WATER = 
V E L C C I T Y  CF WATER,  F T / S E C  =
9 9 7 9 . 7
0 . 1 2
5 0 5 6 . 8
0 . C 4 6 4
R E L A T I V E  V E L C C I T Y  CF O I L  TO WATER =
CENTRAL CCLUPN HEAT TRANS COEFF =
0 .  1 6 4 2
3 . 4 3
CENTRAL CCLUPN HTU = 5 . 7 1
C O L .  S E C T I O N WATER TEPP AT O I L  TEMP AT U FOR
NUPRER SECT BOTTOM SECT BOTTOM S E C T I ON
1 1 2 9 . 2C 1 5 3 . 3 5 8 . 0 4
2 1 2 4 . 0 0 1 4 8 . 5 5 4 .  16
3 1 2 2 . 7 0 1 4 7 . 3 4 3 . 7 4
4 1 2 1 . 4 6 1 4 6 . 2 0 3 . 5 7
5 1 2 0 . C2 1 4 4 . 8 7 4 . 4 6
6 1 1 8 . 4 0 1 4 3 . 3 7 3 . 6 5
7 1 1 7 . CO 1 4 2 . 0 8 3 .  89
6 1 1 5 . 6 0 1 4 0 . 7 8 3 . 3 3
9 1 1 4 . 2 0 1 3 9 . 4 9 3 . 9 9
10 1 1 2 . 8 0 1 3 8 . 2 0 3 . 3 5
11 1 1 1 . 4 0 1 3 6 . 9 0 4 . 5 8
12 1 1 0 . CO 1 3 5 . 6 1 2 . 7 7
13 1 0 8 . 7 0 1 3 4 . 4 1 3 . 8 7
14 1 0 7 . 2 5 1 3 3 . 0 7 3 . 3 9
15 1 0 5 . 8 0 1 3 1 . 7 3 3 . 9 7
16 1 0 4 . 3 6 1 3 0 . 4 0 0 . 2 6
17 1 0 4 . 2 5 1 3 0 . 3 0 C.  19
18 1 0 4 . 1 8 1 3 0 . 2 3 0 . 4 5
19 1 0 4 . 0 0 1 3 C . 0 7 7 .  37
20 1 01  . 1 2 1 2 7 . 4 1 3 4 . 0 6
7 9 . 8 8 1 C 7 . 7 8
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A P P E N D I X  C
RUN NUMBER 4 6 . 0
CVERALL HEAT T RANS.  C D E F F .  U = 6 . 1 5
CVERALL F T .  CF TRANS.  U N I T ,  HTUOD = 2 . 9 9
VOLUMETRI C HEAT TRANS CCEF F ,  UVOL = 1 6 6 4 . 4 2
RATE CF HEAT TRANSFER,  Q = 2 3 8 1 5 . 9 8
DRCP DI AMETER I N F T .  = 0 . 0 1 1 8
I N T E R F A C I A L  CONTACT AREA = 1 3 7 . 3 0
F RAC T I ON AL  HOLDUP = 0 . 5 3 1 6
MASS V E L C C I T Y  CF O I L  = 
V E L O C I T Y  CF O I L ,  F T / S E C  =
MASS V E L C C I T Y  CF WATER = 
V E L C C I T Y  CF WATER,  F T / S E C  =
9 9 7 9 . 7
0 . 1 1
7 5 8 3 . 5
0 . 0  7 3 0
R E L A T I V E  V E L C C I T Y  CF O I L  TO WATER = 
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU -  4 . 7 8
C . 1 8 5 4
3 . 6 0
COL.  SECT I CN WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTI ON
1 1 1 0 . 6 6 1 4 9 . 5 4 5 . 6 1
2 1 0 7 . 6 0 1 4 4 . 5 1 1 . 9 7
3 1 0 7 . 1 C 1 4 3 . 6 9 1 . 5 1
4 1 0 6 . 7 0 1 4 3 . 0 3 1 . 6 9
5 1 0 6 .  16 1 4 2 . 1 5 5 .  14
6 1 0 4 . 7 2 1 3 9 . 7 8 6 . 7 2
7 1 0 2 . 8 0 1 3 6 . 6 3 5 .  3 9
8 1 0 1 . 4 0 1 3 4 . 3 3 4 . 0 0
9 1 0 0 . 2 2 1 3 2 . 3 9 3 .  62
10 9 9 . 3 5 1 3 0 . 9 6 3 . 0 3
11 9 8 .  5C 1 2 9 . 5 6 4 . 2 4
12 9 7 . 6 5 1 2 8 .  17 2 . 9 9
13 9 6 . 7 5 1 2 6 . 6 9 3 . 6 2
14 9 5 . 9 0 1 2 5 . 2 9 3 . 4 4
15 9 5 . CC 1 2 3 . 8 1 4 .  14
16 9 4 .  10 1 2 2 . 3 3 5 . 1 1
17 9 2 . 8  4 1 2 0 . 2 6 2 . 9 7
18 9 2 .  2C 1 1 9 . 2 1 2 . 7  8
19 9 1 . 5 8 1 1 8 .  19 5 . 0 3
2C 9 0 . 5 0 1 1 6 . 4 2 3 3 .  76
8 0 . 8 6 I C C . 58
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RUN NUMBER
A F P E N C I X  C 
4 9  . 0
CVERALL FEAT T RAN S.  C O E F F .  U = 
OVERALL H T .  OF T R A N S .  U N I T ,  HTUOD = 
V C L U P E T R I C  HEAT TRANS C C E F F ,  UVOL -
8 .  A3
2 . 5 8  
1 9 3 3 . 1 6
RATE CF HEAT T R A N S F E R ,  G =
CRCP D I A P E T E R  I N  F T .  =
I N T E R F A C I A L  CONTACT AREA =
F R A C T I O N A L  HCLCUP =
PASS V E L C C I T Y  OF O I L  = 
V E L C C I T Y  CF O I L ,  F T / S E C  =
PASS V E L C C I T Y  CF WATER = 
V E L C C I T Y  CF WATER,  F T / S E C  =
2 9 6 4  9 . 7 6  
0 . 0 1 4 4
1 1 6 . 2 2
0 . 5 4 9 1
9 9 7 9 . 7  
G.  11
1 0 1 0 3 . 7  
0 . 1 0 1 0
R E L A T I V E  V E L C C I T Y  CF O I L  TC WATER « 
CENTRAL CCLUPN HEAT TRANS CCEFF = 
CENTRAL COLUMN HTU = 6 . 5 9
0 . 2 C9 9  
3 .  55
C O L .  S E C T I O N WATER TEMP AT O I L  TEMP AT U FOR
NUPBER SECT BOTTOM SECT BOTTOM S EC T I ON
1 1 1 1 . 8 4 1 5 2 . 4 2 1 0 . 9 2
2 1 0 7 . 4 2 1 4 4 . 0 1 1 5 .  15
3 1 0 4 . 7 2 1 3 8 . 8 3 9 . 0 6
4 1 0 3 .  10 1 3 5 . 8 0 5 .  16
5 1 0 2 . 0 2 1 3 3 . 7 5 8 . 9 7
6 1 0 0 . 4C 1 3 0 . 6 7 5 . 9 1
7 9 9 .  3? 1 2 8 . 6 1 6 .  53
8 9 8 . 2 4 1 2 6 . 5 6 1 0 . 7 9
9 9 6 . 2 6 1 2 2 . 7 9 9 . 9 8
10 9 4 . 8 2 1 2 0 . 0 5 . 9 . 9 9
11 9 3 . 2 0 1 1 6 . 9 7 4 . 7 5
12 9 2 . 6 6 1 1 5 . 9 5 7 .  50
13 9 1 . 4 0 1 1 3 . 5 5 1 .  39
14 9 1 . 2 2 1 1 3 . 2 1 1 1 . 4 2
15 8 9 . 6 0 1 1 0 . 1 3 6 . 3 0
16 8 8 . 8 8 1 0 8 . 7 6 8 .  4 6
17 8 7 . 8 0 1 C 6 . 71 1 5 .  14
18 8 6 .  18 1 C 3 . 6 3 - 7 0 . 0 4
19 9 5 . 4 6 1 2 1 . 2 7 8 5 . 7 3
2G 8 4 . 9 0 1 0 1 .  19 4 .  67
8 4 . 2 0 9 9 .  86
I
17^
A P P E N D I X  C
RUN NUMBER 5 C . 0
CVERALL HEAT TRANS. COEFF.  U = 8 .  A 1
CVERALL H T .  OF TRANS. U N I T ,  HTUOD = 2 . 4 9
VOLUMETRIC HEAT TRANS CCEFF,  UVOl  = 2 0 0 9 . 5 1
RATE CF HEAT TRANSFER, Q = 2 7 3 4 6 . 2 4
CRCP DIAMETER IN F T .  = 0 . 0 1 4 7
I N T E R F A C I A L  CONTACT AREA = 1 2 1 . 1 6
FRACTIONAL HOLDUP = 0 . 5 8 5 4 *
MASS VELCCI TY CF GI L  = 
VELOCITY CF C I L ,  FT /SEC =
MASS VELCCI TY CF WATER = 
VELCCITY OF WATER, FT /SEC =
9 9 7 9 . 7  
0.10
1 2 6 2 9 . 2  
C . 137 4
RELATIVE VELOCITY CF C I L  TO WATER =
CENTRAL COLUMN HEAT TRANS COEFF =
0 . 2 3 9 4
8 . 4 6
CENTRAL CCLUMN HTU = 2 .  33
CCL.  SECT TCN WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BCTTCM SECT BOTTOM SECTION
1 1 0 5 . C8 1 5 3 . 3 2 1 4 .  37
2 I CO .  22 1 4 C . 18 9 . 1 6
3 9 8 . 9 0 1 3 6 . 6 1 8 . 3 2
4 9 7 .  7C 1 3 3 . 3 6 7 . 6 2
5 9 6 . 4 4 1 2 9 . 9 5 1 . 2 6
6 9 6 . 2 6 1 2 9 . 4 7 3 .  66
7 9 5 . 7  2 12 8 . 0 1 5 . 4 0
8 9 5 . C 0 1 2 6 . 0 6 1 2 . 4 3
9 9 3 . 2 0 1 2 1 . 1 9 1 4 . 8 8
10 9 1 . 5 8 1 1 6 . 8 1 1 9 . 0 0
11 8 9 . 4 2 1 1 0 . 9 7 5 .  56
12 8 9 .  CC 1C 9 . 8 3 3 . 5 8
13 8 8 . 6 0 1 0 8 . 7 5 4 . 6 6
14 8 8 . 2 0 1 C 7 . 67 4 . 2 5
15 8 7 . EC 10 6 . 5 9 4 . 6 8
16 8 7 . 4 4 10 5 . 6 2 1 5 .  23
17 8 6 .  18 1C 2 . 2 1 2 5 . 5 6
18 8 4 . 5 6 9 7 . 8 3 0 . 9  9
19 84 . 5C 9 7 . 6 6 0 . 8 5
20 8 4 . 4 5 9 7 . 5 3 0 . 7 3
8 4 . 3 8 9 7 .  34
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A P P E N D I X  C
RUN NUMBER 5 1 . 0
CVERALL FEAT TRANS.  COEFF. U = 2 2 . 2 4
CVERALL HT.  OF TRANS. U N I T ,  HTUOD = 3 . 9 3
VOLUMETRIC HEAT TRANS COEFF, UVOL = 5 1 2 . 2 7
RATE CF HEAT TRANSFER, C = 8 9 3 2 . 3 0
DRCP CIAMETER IN F T .  = 0 . 0 2 1 8
INTERFACIAL  CONTACT AREA = 1 1 . 6 8
FRACTIONAL HOLDUP = 0 . 0 8 3 5
MASS VELCCITY CF O I L  = 
VELCCITY CF O I L ,  FT/SEC =
MASS VELCCITY CF HATER = 
VELCCITY CF WATER, FT/SEC =
AC 0 2 . 0  
0 .  29
2 5 2 5 . A 
G.C12A
RELATIVE VELOCITY CF O I L  TO WATER =
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 3 0 1  1
8 .  6A
CENTRAL CGLUMN HTU = 8 . 6 A
COL.  SECT ICN WATER TEMP AT O I L  TEMP AT U FOR
NUM8ER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 5 . 7 0 1 5 8 . 0 0 2 .  5A
2 1 1 5 . 3A 1 5 7 . A7 2 . 6 8
3 1 1 5 .  16 1 5 7 . 2 0 10.  78
A 1 1 A . AO 1 5 6 . 0 7 8 . 0 2
5 1 1 3 . 7 2 1 5 5 . 0 6 9 . 5 6
6 1 13.CC 1 5 A . 0 0 9 .  19
7 1 1 2 . 2 8 1 5 2 . 9 3 7 . 9 9
6 1 1 1 . 7 0 15 2 . 0 7 5 .  9 A
9 1 1 1 . 2 0 1 5 1 . 3 3 1 0 . 3 9
10 1 1 0 .  A8 1 5 0 . 2 6 1 1 . 0 7
11 1 0 9 . 5 8 1A 8 . 9 3 1 5.  37
12 1 0 8 . 6 8 1 A 7 . 59 7 .  66
13 1 0 8 . 0 0 1 A 6 . 59 0 . 2 9
1A 1 0 7 . A2 1 A 5 . 7 3 1 0 .  A1
15 1 0 6 . 6 0 1 AA.51 1 2 .  1A
16 1 0 5 . 8 0 1A 3 . 3 2 1 0.  5A
17 1 0 5 . 0 0 1A 2 .  1A 9 .  52
18 10 A . 3 6 1 A 1 . 19 1 5 . 4 7
19 1 0 3 . 2 8 1 3 9 . 5 9 1 0 . 6 3
20 1 0 2 . 5 6 1 3 8 . 5 2 1 9 1 . 7 2
8 5 . 1 0 1 1 2 . 6A
176
A P P E N C I X  C
RUN NUMBER 5 2 . 0
CVERALL FEAT TRANS. COEFF. U =
CVERALL FT.  OF TRANS. UNIT,  HTUOD = 
VOLUMETRIC HEAT TRANS COEFF, UVOL =
RATE CF FEAT TRANSFER, Q = 1 0 35 2 .1 9
CRCP DIAMETER IN FT.  = 0 . 0 2 1 4
INTERFACIAL CCNT ACT AREA = 12 .38
FRACTIONAL HCLDUP = 0 . 0 8 7 0
2 5 . 7 7
3 . 2 0
6 2 9 . 3 9
MASS VELCCITY OF CIL = 
VELCCITY CF O I L ,  FT/SEC =
•
MASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC =
4 0 0 2 . 0
0 . 2 8
5C49 .2
0 . 0 2 5 0
RELATIVE VELCCITY CF C IL  TO WATER = 
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL CCLUMN HTU = 4 . 8 8
0 . 3 0 1 1  
16.  83
COL. SECTION WATER TEMP AT CIL  TEMP AT U r 0R
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 10 1 . 2 4 158 .  18 6 . 8 8
2 1 0 6 . 5 2 1 5 6 . 3 5 3 . 6 6
3 10 6 .3 4 15 5 .8 9 18 .43
4 1 0 5 . 4C 153 .51 14 .30
5 10 4 .5 4 15 1 .3 2 17.  18
6 1 0 3 . 6 4 1 4 9 . 0 4 16. 85
7 10 2 .7 4 1 4 6 . 7 5 0 .0 0
8 1 0 2 .7 4 14 6 .7 5 1 2 .7 3
9 1 0 2 . C2 1 4 4 .9 3 2 3 . 7 4
10 I C O . 94 14 2 .1 8 1 3 .7 8
11 1 0 0 .2 2 1 4 0 .3 6 1 1 .2 8
12 9 9 .  ec 1 3 9 . 2 9 8 . 6 7
13 9 9 . 3 2 1 3 8 .0 7 1 6 .5 7
14 9 8 . 6 0 13 6 .2 4 1 8 .8 4
15 9 7 . 7 0 1 3 3 . 9 6 57.  07
16 9 5 . 5 4 1 2 8 . 4 7 17.  37
17 9 4 . 8 2 12 6 . 6 4 20.  12
18 94 . 10 12 4 . 6 2 2 .7 1
19 9 4 .  CO 12 4 .5 6 - 1 2 . 6 1
20 9 4 . 4 6 12 5 .7 3 1 7 7 . 1 0
8 6 . 5 4 1 0 5 .6 2
177
A P P E N D I X  C
RUN NUMBER 5 3 .0
OVERALL HEAT TRANS. COEFF. U -  
OVERALL FT.  OF TRANS. UNIT,  HTUOD = 
VOLUNETRIC HEAT TRANS COEFF, UVOL =
2 6 . 0 5
3 .0 3
6 5 6 . 6 3
RATE CF HEAT TRANSFER, C =
CRCP 01 AN ETER IN FT.  =
INTERFACIAL CONTACT AREA =
FRACTIONAL HOLDUP =
NASS VELCCITY CF OIL = 
VELCCITY CF O I L ,  FT/SEC =
NASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
9 4 9 7 . 5 7
0 . 0 2 1 4
1 2 .8 2
0 . 0 9 0 2
4 0 0 2 . C 
C. 27
7571 .3  
0 . 0  3 76
RELATIVE VELOCITY CF OIL TO WATER = 
CENTRAL CCLUNN HEAT TRANS COEFF =
0 . 3 0 3 7  
24 .  78
CENTRAL CCLUNN HTU = 3 . 5 2
COL. SECTION WATER TENP AT OIL TEMP AT U FOR
NUNBER SECT BOTTOM SECT BOTTOM SECTION
1 10 2 .0 2 15 1 .1 6 7 . Cl
2 1 0 1 . 4 8 1 4 9 . 2 9 2 5 . 4 6
3 10 0 . 5 8 1 4 6 .1 8 4 . 9 5
4 1 0 0 .4 0 14 5 . 5 5 38 .  66
5 9 8 . 7 8 13 9 . 9 4 10.  11
6 9 8 . 4 2 13 8 . 7 0 11 . 5 0
7 9 8 . CC 1 3 7 . 2 4 8 . 9 8
8 9 7 . 7 0 13 6 .21 1 9 .1 4
9 9 6 . 9 8 13 3 .71 24 .  15
10 9 6 .  26 13 1 .2 2 2 1 . 4 0
11 9 5 . 5 4 1 2 B . 73 47 .  13
12 9 4 . 4 6 12 4 .9 9 5.  37
13 9 4 . 2 8 12 4 . 3 7 2 0 .9 1
14 9 3 . 7 4 1 2 2 . 5 0 6 .  32
15 9 3 . 5 6 12 1 .8 8 39 .  25
16 9 2 . 6 6 11 8 . 7 6 29 .  06
17 9 1 . 9 4 11 6 .2 7 3 5 . 9 3
18 9 1 . 2 0 11 3 . 7 1 3 4 . 9 3
19 9 0 . 5 0 11 1 .2 8 74.  6 3
20 8 9 . 2 0 1C6.73 5 4 . 0 7
8 7 . 9 8 1C 2 . 5 6
178
A P P E N D I X  C
RUN NUMBER 5 4 . 0
CVERALL FEAT TRANS. COEFF. U = 3 1 . 0 9
OVERALL HT.  OF TRANS. UNIT,  HTUOD = 2 . 6 6
VOLUMETRIC HEAT TRANS COEFF, UVOL = 7 5 4 . 3 2
RATE CF HEAT TRANSFER, C = 1 0 69 2 .7 6
CRCP DIAMETER IN FT.  = 0 . 0 2 3 1
INTERFACIAL CONTACT AREA =
FRACTIONAL HOLDUP = 0 . 0 9 3 4
1 2 .3 0
NASS VELCCITY OF OIL = 
VELCCITY CF O I L ,  FT/SEC =
NASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
4 0 0 2 . 0
0 . 2 6
1 0 0 9 4 . 3
C.G5G3
RELATIVE VELCCITY CF OIL TC WATER = 
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 3C70 
2 3 . 9 5
CENTRAL CCLUNN HTIJ = 2 . 9 5
COL. SECTION WATER T EVP AT CIL  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 9 7 . 5 2 15 4 .0 4 0 . 0 0
2 9 7 . 5 2 15 4 .0 4 15.  37
3 9 7 .  16 15 1 .9 0 4 6 .  59
4 9 6 . G8 1 4 5 .4 8 42 .  58
5 9 5 . CO 1 3 9 .0 7 0 . 0 0
6 9 5 . CO 13 9 .0 7 1 8 .0 9
7 9 4 . 6 0 13 6 .6 9 2 5 . 4 7
8 9 4 .  10 13 3 .7 2 8.  19
9 9 3 . 9 2 13 2 .6 5 6 4 . 4 3
10 9 2 . e4 12 6 .2 4 18 .81
11 9 2 . 5 0 12 4 . 2 2 1 5 . 8 4
12 9 2 .  30 12 3 .0 3 9.  59
13 9 2 . 1 2 1 2 1 . 9 6 2 5 . 2 7
14 9 1 . 7 6 11 9 . 8 2 C. 00
15 9 1 . 7 6 11 9 . 0 2 4 4 . 4 6
16 9 1 . 2 0 11 6 . 4 9 37.  74
17 9 0 . 7C 1 1 3 .5 2 4 2 . 0 3
18 9C.25 11 0 .8 5 4 6 . 5 9
19 8 9 . 7B 1C8.C6 3 1 . 1 9
20 8 9 .  50 1 C 6 . 39 10 6 .5 7
6 8 . 3 4 9 9 . 5 0
179
A PP E N D  I X  C
RUN NUMBER 5 5 . 0
CVERALL HEAT TRANS. COEFF. U = 3 0 . 5 0
CVERALL HT.  CF TRANS. UN IT ,  HTUOD = 2 . 4 8
VOLUMETRIC HEAT TRANS COEFF, UVOL = 8 0 9 . 6 5
RATE CF HEAT TRANSFER, C = 1 1 1 2 5 . 1 7
DRCP DIAMETER IN FT .  = 0 . 0 2 2 5
INTERFACIAL CONTACT AREA = 1 3 . 4 6
FRACTIONAL HCLDUP = 0 . 0 9 9 7
PASS VELCCITY CF OIL = 4C0 2 .0
VELCCITY CF C I L ,  FT/SEC = 0 . 2 4
PASS VELOCITY CF WATER = 1 2 6 1 7 . 4
VELCCITY CF WATER , FT/SEC = 0 . 0 6 3 3
RELATIVE VELOCITY CF C IL  TO WATER = 0 . 3 0 3 5
CENTRAL COLUMN HEAT TRANS COFFF 2 1 . 8 9
CENTRAL COLUMN HTU = 2 . 85
COL. SECTION WATER TEMP AT OIL  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOMS SECT 10'
1 9 5 .  9C 1 5 4 . 7 6 0 . 0 0
2 9 5 . 9 0 1 5 4 . 7 6 0 .  DO
3 9 5 . 9C 1 5 4 . 7 6 7 1 . 0 9
4 9 4 . 4 6 1 4 3 . 7 0 2 4 .  73
5 9 3 . 9 2 1 3 9 . 5 5 5 1 . 1 1
6 9 3 . C2 1 3 2 . 6 3 32 .  68
7 9 2 . 4  8 1 2 8 . 4 8 1 2 . 3 9
8 9 2 . 3C 12 7 .  10 1 8 . 5 7
9 9 2 . CO 1 2 4 . 8 0 6 5 . 1 5
1C 9 1 . 2 2 1 1 8 . 8 0 60 .  53
11 9 0 . 5 0 1 1 3 . 2 7 0 . 0 0
12 9 0 . 5C 1 1 3 . 2 7 35 .  24
13 9 0 . 1 0 1 1 0 . 2 0 1 1 . 9 9
14 9 0 . 0 0 1C9 .43 0 . 0 0
15 9 0 . CC 1 0 9 . 4 3 0 . 0 0
16 9 0 . CO 1C 9 . 4 3 11.  14
17 8 9 .  50 1 0 8 . 6 6 1 2 . 9 2
18 8 9 .  ec 1 0 7 . 8 9 2 .5 1
19 8 9 . 7 8 10 7 .7 4 0 . 0 0
2C 8 9 . 7 8 10 7 . 7 4 1 4 2 . 3 8
8 8 . 5 2 9 8 . 0 6
180
A P P E N D I X  C
RUN NUMBER 5 6 . 0
CVERALL HEAT TRANS. COEFF. U = 2 5 . 4 1
OVERALL HT. OF TRANS. UNIT ,  HTUOD = 3 . 9 4
VOLUMETRIC HEAT TRANS COEFF, UVOL = 7 7 0 . 1 8
RATE CF HEAT TRANSFER, C = 124C4.47
CfiCP DIAMETER IN FT.  = 0 . 0 2 2 5
INTERFACIAL CONTACT AREA = 15 .37
FRACTIONAL HCLCUP = 0 . 1 1 3 9
PASS VELCCITY OF OIL = 6C28 .4
VELCCITY CF O I L ,  FT/SEC = 0 . 3 2
PASS VELCCITY OF WATER = 2 5 2 5 . 2
VELCCITY CF WATER, FT/SEC = 0 .C 1 29
RELATIVE VELOCITY OF OIL  TC WATER = 0 . 3 3 2 4
CENTRAL CCLUNN HEAT TRANS COEFF = 1 2 . 1 7
CENTRAL CCLUNN HTU = 7 . 0 0
COL. SECTION WATER TEMP AT OIL TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 2 7 . 7 6 1 5 9 .2 6 1 .3 0
2 1 2 7 .5 8 1 5 9 . 0 8 2 . 7 3
3 1 2 7 . 4 0 15 8 .9 0 5.  18
4 1 2 7 . C4 15 8 .5 5 2 1 . 3 7
5 1 2 5 .2 4 15 6 .7 7 4 . 7 7
6 1 2 4 .8 8 15 6 .4 2 1 5 . 9 0
7 1 2 3 .6 2 1 5 5 .1 7 2 . 4 3
8 12 3 .4 4 1 5 5 . 0 0 14 .61
9 1 2 2 .  18 15 3 .7 5 5 . 0 2
10 1 2 1 . 8 2 15 3 .4 0 2 5 . 4 4
11 1 1 9 . 6 6 15 1 .2 6 5.  82
12 1 1 9 .3 0 15 0 .9 1 2 2 . 8 0
13 1 1 7 .1 4 14 8 .7 8 1 4 .3 2
14 1 1 6 . 0 6 14 7 . 7 1 10 .51
15 11 5 .1 6 14 6 . 8 2 1 9 .8 8
16 1 1 3 .7 2 1 4 5 .4 0 2 . 1 4
17 11 3 .5 4 14 5 .2 2 4 0 . 6 4
18 1 10 .4  8 14 2 .2 0 11.  34
19 10 9 .5 8 141 .31 27.  73
20 1 0 7 . 4  2 13 9 .1 8 1 8 1 . 9 9
8 5 . 4 6 11 7 . 5 0
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APPEND I X  C
RUN NUMBER 5 7 . 0
CVERALL HEAT TRANS. COEFF. U = 2 8 . 2 8
CVERALL FT.  OF TRANS. UNIT,  HTUOD = 2 . 8 8
VOLUMETRIC HEAT TRANS COEFF, UVOL *= 1 0 5 4 . 4 6
RATE CF FEAT TRANSFER, C = 1 6 0 5 6 .2 8
DROP DIAMETER IN FT.  = 0 . 0 2 0 6
INTEPFAC IAL CONTACT AREA = 1 8 .9 0
FRACTIONAL HOLDUP = 0 . 1 2 8 2
MASS VELCCITY CF OIL  = 
VELCCITY CF O I L ,  FT/SEC =
MASS VFLCCITY CF WATER = 
VELCCITY CF WATER, F I /SEC
6 0 2 8 . 4
0 . 2 8
5 0 4 9 . 0
0 . 0 2 6 1
RELATIVE VELOCITY CF OIL TO WATER =
CENTRAL COLUMN HEAT TRANS COEFF =
0 .3 C 87
1 9 . 7 9
CENTRAL COLUMN HTU = 3 . 7 8
COL. SFCTICN WATER TEMP AT OIL  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 6 .2 4 16 0 .1 6 0 . 0 0
2 11 6 .2 4 16 0 .1 6 1 4 .9 2
3 1 1 5 . 3 4 15 8 . 5 1 5 .7 1
4 1 1 4 . 9 8 15 7 . 8 6 2 6 . 5 3
5 1 1 3 . CO 15 4 . 2 3 1 3 .8 2
6 112 .  10 1 5 2 . 5 9 2 1 . 5 6
7 1 1 0 .6 6 14 9 .9 5 1 7 . 4 0
8 1 0 9 . 6 0 14 8 .0 1 1 5 . 8 5
9 1 0 8 .5 0 14 6 .0 0 1 5 .9 5
10 • 10 7 .6 0 1 4 4 . 3 6 3 3 . 4 3
11 1 0 5 .4 4 1 4 0 .4 0 1 5 . 7 9
12 1 0 4 . 7 2 1 3 9 .0 9 2 3 . 8 6
13 10 3 .1 0 13 6 .1 2 1 7 .1 8
14 1 0 2 . 2C 1 3 4 .4 8 9 . 2 4
15 1 0 1 .6 6 1 3 3 . 4 9 1 4 . 8 2
16 10 0 .9 4 13 2 .1 7 25.  94
17 9 9 . 3 0 129.  17 34.  12
18 9 7 .  70 1 2 6 .2 5 38.  30
19 9 5 .  SC 12 2 . 9 5 2 3 . 5 6
20 9 4 . 6 4 12C.65 1 3 6 .8 6
8 6 . 7 2 1C 6 .  16
182
A P P E N O I X  C
RUN NUMBER 5 6 . 0
CVERALL PEAT TRANS. COEFF. U = 3 1 . 6 6
CVERALL HT. OF TRANS. UNIT,  HTUOD = 2 . 4 9
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 2 2 0 . 8 8
RATE CF HEAT TRANSFER, C = 1 7 6 0 8 .3 9
CRCP DIAMETER IN FT.  = 0 . 0 2 1 4
INTERFACIAL CONTACT AREA = 1 9 .5 5
FRACTIONAL HOLDUP = 0 . 1 3 7 3
MASS VELCCITY OF OIL  = 
VELCCITY CF O IL ,  FT/SEC =
«
MASS VELCCITY CF WATER = 
VELOCITY CF WATER, FT/SEC =
6 0 2 8 . 4
0 . 2 6
7 5 7 3 . 2
0 . 0 3 9 6
RELATIVE VELOCITY CF OIL  TO WATER = 
CENTRAL COLUMN FEAT TRANS COEFF =
0 . 3 0 2 7  
29.  51
CENTRAL COLUMN HTU = 2.  59
COL. SECTICN WATER TEMP AT OIL TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 10 9 .7 6 1 6 0 . 1 6 1 .6 8
2 10 9 .5 8 1 5 9 . 6 9 1 4 . 3 5
3 10 8 .8 6 15 7 .8 3 28 .  12
4 1 0 7 . 4 2 15 4 . 1 0 33.  73
5 1 0 5 .4 4 1 4 8 . 9 7 1 7 . 9 5
6 1 0 4 .5 4 1 4 6 . 6 4 3 9 . 7 0
7 10 2 .5 6 14 1 .5 1 1 2 . 1 2
B 1 0 2 .0 2 14 0 . 1 1 1 4 . 2 5
9 1 0 1 . 3 0 1 3 8 .2 4 5 9 .6 3
10 9 8 . 5 6 132 .  18 3 3 . 6 5
11 9 7 . 5 2 1 2 8 . 4 5 3 0 . 5 9
12 9 6 . 6 2 126 .  12 4 .  10
13 9 6 . 4 4 1 2 5 . 6 5 3 7 . 6 8
14 9 5 .  18 1 2 2 .3 9 3 0 . 3 8
15 9 4 . 1 0 1 1 9 .5 9 5 1 . 7 5
16 9 2 . 6 6 11 5 .8 6 3 6 . 2 4
17 9 1 . 5 8 1 1 3 .0 6 43 .  85
18 9 0 . 5 0 11 0 .2 7 7 . 2 9
19 9 0 . 3 2 1C 9 , 8 0 7 . 5 5
20 9 0 .  14 10 9 .3 3 1 0 3 . 5 6
8 6 . 9 0 1 0 0 .9 4
183
A P P E N D I X  C
RUN NUMBER 5 5 . 0
CVERALL HEAT TRAN'S. COEFF. U = 3 2 . 9 8
CVERALL FT.  OF TRANS. UNIT,  HTUOD = 2 . 1 6
VOLUFETRIC HEAT TRANS CCEFF, UVOL = 1 4 0 5 . 3 9
RATE CF FFAT TRANSFER, Q = 1 8 56 0 .6 5
CROP DIAMETER IN FT.  = 0 . 0 2 0 3
INTERFACIAL CONTACT AREA = 2 1 . 6 0
FRACTIONAL HOLDUP = 0 . 1 4 4 0
FASS VELCCITY CF C IL  = 
VELCCITY CF C I L ,  FT/SEC =
FASS VELCCITY OF WATER = 
VELCCITY CF WATER, FT/SEC =
6 0 2 8 . 4
0 . 2 5
1 0 0 9 6 .8
0 . 0 5 3 2
RELATIVE VELOCITY OF OIL TO WATER =
CENTRAL CCLUNN HEAT TRANS COEFF =
0 . 3C37
38 .  53
CENTRAL CCLUNN HTU = 1 . 81
COL. SECTION WATER TENP AT OIL TEMP AT U FOR
NUNBER SECT BOTTOM SECT BOTTOM SECTION
1 10 5 .4 4 15 9 .6 2 0 . 0 0
2 10 5 . 4 4 15 9 . 6 2 28 .  38
3 10 4 .1 8 1 5 5 . 2 9 72 .  32
4 10 1 .1 2 14 4 .7 8 43 .  85
5 99 .  14 13 7 . 9 8 29 .  15
6 9 8 . 0 6 13 4 .2 6 4 5 . 5 4
7 9 6 . 4 4 12 8 .7 0 1 7 . 4 8
6 9 5 .  SC 1 2 6 .8 4 3 2 . 0 1
9 9 4 . 8 2 1 2 3 .1 3 5 7 . 2 1
10 9 3 .  38 118.  19 4 0 . 7 3
11 9 2 .  30 11 4 . 4 8 9 . 9 4
12 9 2 . 1 2 1 1 3 . 8 6 2 0 . 3 0
13 9 1 . 5 8 11 2 . 0 0 1 7 . 9 5
14 9 1 . 2 2 1 1 0 .7 7 5 2 . C7
15 9 0 .  14 1C7.05 8 5 . 0 0
16 8 8 . 8 8 10 2 .7 3 1 1 . 7 0
17 8 8 . 7 0 102.  11 5 7 . 0 7
18 8 7 . 9 8 99 .  63 19.  05
19 8 7 . 7 5 9 8 .8 4 2 2 . 2 6
20 8 7 . 5C 9 7 . 9 8 1 4 . 7 0





CVERALL EEAT TRANS. COEFF. U = 2 9 . 4 9
CVERALL FT.  OF TRANS. UNIT ,  HTUOD = 2 .1 1
VOLUFETRIC HEAT TRANS COEFF, UVOL = 1 4 3 8 . 3 5
RATE CF FEAT TRANSFER, Q = 1 8 4 7 3 .9 0
CROP CIAFETER IN FT.  = 0 .02C3
INTERFACIAL CONTACT AREA = 2 4 . 7 3
FRACTIONAL HOLDUP = 0 . 1 6 5 2
FASS VELCCITY CF O IL  = 
VELCCITY CF O I L ,  FT/SEC =
FASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
6 0 2 8 . 4  
0 . 22
1 2 6 2 1 .5
0 . 0 6 8 2
RELATIVE VELOCITY CF OIL TO WATER = 
CENTRAL COLUMN HEAT TRANS COEFF =
0 . 2 8 6 4  
34.  17
CENTRAL COLUMN HTU = 1 . 8 3
COL. SECT ICN WATER TEMP AT OIL  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 10 2 .0 2 1 5 8 .0 0 5 .8 4
2 1 0 1 .4 8 1 5 5 .7 5 1 6 . 9 5
3 1 0 0 . 7 6 1 5 2 . 7 5 82.  00
4 9 7 . 5 2 1 3 9 .2 4 2 5 . 9 5
5 9 6 . 4 4 13 4 .7 4 37 .  14
6 9 5 . 1 8 1 2 9 . 4 9 1 6 .3 6
7 9 4 . 6 4 1 2 7 . 2 4 3 1 . 2 7
8 9 3 . 7 4 12 3 .4 8 48 .  69
9 9 2 . 3 0 1 1 7 .4 8 5 1 . 1 5
10 ' 9 1 . 2 2 1 1 2 . 9 8 32.  59
11 9 0 . 5 0 1 0 9 .9 8 2 4 . 3 5
12 9 0 . 1 4 1C 8 . 4 8 2 0 . 8 2
13 8 9 . 7 0 1C 6 .6 4 29 .  79
14 8 9 . 2 4 1 0 4 .7 2 10.  94
15 8 9 . C6 1C 3 . 9 7 2 7 . 4 2
16 8 8 . 7 0 1C 2 . 4 7 28 .  59
17 8 8 . 3 0 10 0 .8 1 1 7 .2 2
18 88 .1C 9 9 .  97 4 3 . 2 1
19 8 7 . 6 2 9 7 . 9 7 22.  38
20 8 7 . 4 0 5 7 . 0 5 23.  13
8 7 . 0 8 9 5 .  72
185
A P P E N C I X  C
RUN NUMBER 6 1 . 0
CVERALL HEAT TRANS. CUEFF. U « 
CVERALL HT. OF TRANS. UNIT,  HTUOC = 
VOLUMETRIC HEAT TRANS COEFF, UVOL =
2 B .  3 4
3 . 2 5  
1 2 4 0 . 5 6
RATE CF HEAT TRANSFER, C = 
CRCP DIAMETER IN FT.  -
1 5 2 6 9 .0 6
0 . 0 2 2 1
INTERFACIAL CONTACT AREA = 2 2 . 1 9
FRACTIONAL HCLCUP = 0 . 1 6 1 4
MASS VELCCITY OF CIL  = 
VELCCITY CF O I L ,  FT/SEC =
MASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC -
8C04.1 
0 .  30
2 5 2 4 . 6
0 .C1 36
RELATIVE VELCCITY CF OIL TC WATER = 
CENTRAL COLUMN HEAT TRANS COEFF =
0 . 3 1 3 6
22 .  83
CENTRAL COLUMN HTU = 3 . 7 3
COL. SECTICN WATER TEMP AT CIL  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 14 3 .2 4 15 9 .6 2 1 . 5 9
2 1 4 3 . C6 1 5 9 .5 0 1 9 . 4 3
3 1 4 2 . CO 1 5 8 . 7 7 2 4 . 7 3
4 1 AO.54 1 5 7 .7 8 12 .31
5 1 3 9 .6 4 15 7 .  16 3 4 . 7 3
6 1 3 7 .3 0 1 5 5 .5 7 24 .  53
7 1 3 5 .5 0 15 4 .3 4 15.  36
8 1 3 4 .4 2 1 5 3 . 6 0 3 1 . 9 9
9 1 3 1 .7 2 1 5 1 .7 6 3 9 . 2 8
10 1 2 8 .8 4 14 9 .7 9 2 1 . 9 4
11 12 6 .8 6 14 8 .4 4 1 6 . C7
12 12 5 .7 6 14 7 .7 0 1 8 .8 2
13 1 2 3 . 8C 14 6 . 3 5 29 .  22
14 12 1 .2 8 14 4 .6 3 2 1 . 3 5
15 1 1 9 .1 2 1 4 3 .1 6 36.  54
16 1 1 5 .8 6 14 0 .9 5 23 .  52
17 11 3 .3 6 1 3 9 .2 3 3 5 .7 4
18 10 9 .4 0 13 6 .5 2 3.  34
19 1 0 9 . C4 13 6 .2 8 1 8 . 51
20 1 0 7 . C6 13 4 .9 3 1 1 0 .6 3
8 6 . 5 4 12 0 .9 2
186
A P P E N D I X  C
RUN NUMBER 6 2 . 0
CVERALL HEAT TRANS. CCEFF. U = 3 1 . 1 4
CVERALL FT.  CF TRANS. UNIT*  HTUQD = 2 . 3 4
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 7 1 1 . 7 2
RATE CF FEAT TRANSFER, Q = 1 9 00 4 .9 0
DRCP DIAMETER IN FT.  = 0 . 0 2 0 7
INTERFACIAL CONTACT AREA = 2 7 . 8 7
FRACTIONAL HOLDUP = 0 . 1 8 9 6
MASS VELCCITY CF OIL  = 
VELOCITY CF O I L ,  FT/SEC =
MASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
8 0 0 4 . 1
0 . 2 5
5G49.2
0 . 0 2 8 1
RELATIVE VELOCITY CF CIL  TC WATER = 
CENTRAL COLUMN HEAT TRANS COFFF = 
CENTRAL CCLUMN HTU = 2 . 2 8
0 . 2 8 1 8
3 7 . 3 3
CCL. SECT I C N WATER TEMP AT OIL  TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 3 1 . 0 0 15 4 .9 4 5 .51
2 1 3 0 .2 8 154.  16 2 3 . 2 5
3 12 8 .8 4 1 5 2 . 5 9 4 1 . 5 4
4 126 .  14 14 9 .6 5 34.  56
5 12 3 . 4 4 14 6 .71 4 0 . 9 4
6 12 0 .6 0 14 3 .61 3 9 .  78
7 1 1 7 . ec 1 4 0 .5 6 38 .  83
6 1 1 5 . 2 0 1 3 7 .7 3 3 5 . 4 5
9 1 1 2 . 4 6 13 4 .7 5 5 0 . 9 8
10 1 0 9 .2 2 13 1 .2 2 3 1 . 3 3
11 1 0 6 .8 8 1 2 8 .6 7 9 . 9 8
12 1 0 6 .3 4 12 8 . 0 9 28.  41
13 104 .00 12 5 .5 4 27.  70
14 1 0 2 . 2C 1 2 3 .5 7 1 7 .1 7
15 1 0 0 . 9  4 1 2 2 . 2 0 43 .  86
16 9 8 . 2 4 1 1 9 . 2 6 25 .  32
17 9 6 . 4 4 1 1 7 . 30 2 8 . 5  3
18 9 4 . 6 4 11 5 . 3 4 8.  1 8
19 9 4 .  1C 1 1 4 .7 5 3 .  36
2 C 9 3 . 5 6 114.  17 71 .  78




6 3 . 0
CVERALL HEAT TRANS. COEEF. U = 2 9 . 8 ?
CVERALL HT.  OF TRANS. UNIT ,  HTUOD = 2 . 1 9
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 8 1 9 . 7 4
RATE CF HEAT TRANSFER, Q = 1 9 5 2 6 .4 3
CROP DIAMETER I N  FT.  = 0 .C 2 04
INTERFACIAL CONTACT AREA = 3 0 . 8 8
FRACTIONAL HCLCUP = 0 . 2 0 7 3
MASS VELOCITY OF OIL = 
VELOCITY CF O IL ,  FT/SEC =
PASS VELOCITY CF WATER = 
VELOCITY CF WATER, FT/SEC =
80 04 .  1 
0 . 2 3
7 5 7 2 . 9
0 .C431
RELATIVE VELOCITY CF OIL  TO WATER =
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 2  74 4
36 .  59
CENTRAL COLUMN HTU = 2 . 0 4
COL. SECTION WATER TEMP AT OIL TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 1 6 . 7e 14 9 .7 2 7 . 0 0
2 1 1 5 . 8 8 1 4 8 . 2 0 1 4 . 9 8
3 11 4 .9 8 1 4 6 .6 9 6 5 .8 1
4 1 11.  C 2 14 0 .0 2 26 .  22
5 1 0 9 .2 2 1 3 6 . 5 8 43 .  16
6 1 0 6 . 7 0 13 2 .7 4 4 1 . 6 1
7 1 0 4 . 3 0 12 8 .6 9 4 3 . 6 8
8 10 1 .8 4 12 4 .5 5 35 .  84
9 9 9 . 8 6 12 1 .2 1 4 5 . ea
10 ‘ 9 7 . 8 8 11 7 .8 8 22 .  17
11 9 6 . 8 0 11 6 .0 6 26 .  28
12 9 5 . 9 0 11 4 . 5 4 2 8 . 6 5
13 9 4 . 4 6 11 2 .1 1 2 3 . 5 5
14 9 3 . 5 6 1 1 0 . 6 0 1 7 . 1 3
15 9 2 . 8 4 1C9. 33 5 . 1 6
lfc 9 2 . 6 6 1C9.C8 2 7 . 3 5
17 9 1 .  58 10 7 . 2 6 37.  55
18 9 0 . 3 2 1C5.  14 1 0 . 5 8
19 8 9 . 9 6 1 0 4 . 5 3 5 . 4 6
20 8 9 . 7 8 1C4.23 57.  24
8 7 .  C8 9 9 . 6 8
188
A P P E N D I X  C
RUN NUMBER 6 4 . 0
CVERALL HEAT TRANS. COEFF. U = 3 1 . 4 7
CVERALL FT.  CF TRANS. UNIT,  HTUQD = 2 . 1 2
VOLUMETRIC HEAT TRANS COEFF, UVOL = 1 8 9 3 . 2 0
RATE CF FEAT TRANSFER, Q = 2 1 7 8 7 . 0 9
CRCP DIAMETER IN FT.  = 0 . 0 2 2 3
INTERFACIAL CONTACT AREA = 3 0 . 4 9
FRACTIONAL HCLCUP = 0 . 2 2 3 1
MASS VELOCITY CF OIL = 
VELOCITY CF O I L ,  FT/SEC =
MASS VELOCITY OF WATER = 
VELOCITY CF WATER, FT/SEC =
8 C 0 4.  1 
0 . 2 1
1C096.4
C .0 5 8 7
RELATIVE VELOCITY OF OIL TO WATER = 
CENTRAL COLUMN HEAT TRANS COEFF =
0 . 2 7 3 3  
37 .  75
CENTRAL COLUMN HTU = 1 .8 3
COL. SECTION WATER TEMP AT OIL TEMP AT U FOR
NUMBER SECT BCTTCM SECT BOTTOM SECTION
1 11 0 .1 2 1 5 3 . 1 4 6 .  36
2 1 0 9 . 4C 15 1 . 3 7 2 4 . 2 0
3 108.  14 14 8 .2 8 - 2 . 5 9
4 10 8 .2 8 1 4 8 .6 3 1 2 9 .9 5
5 I C O . 94 1 3 0 .6 3 5 6 . 4 1
6 9 8 . 6 0 124 .8 9 17 .84
7 9 7 . 8 8 12 3 .1 2 3 5 . 3 6
8 9 6 . 6 2 12 0 .0 3 63 .  12
9 9 4 . 2 8 11 4 .2 9 2 5 . 8 7
10 9 3 . 5 6 11 2 .5 3 17. 16
11 9 3 .0 2 11 1 . 2 0 3 3 . 0 7
12 9 2 . 3 0 1C9.44 3 4 . 9 6
13 9 1 . 2 2 1C6.79 15 .6 3
14 9 0 . 8 6 1C5.91 29 .  C4
15 9 0 . 1 4 1C4. 14 6 . 9 7
16 9 0 .  CC 1C 3 . 8 0 1 .7 3
17 8 9 . 9 6 1C 3 . 7 0 36.  35
18 8 9 . 2 4 10 1 .93 4 7.  44
19 88 .  34 9 9 . 7 3 1 9 . 7L
20 8 8 , CC 9 8 . 8 9 2 2 . 4 0
8 7 .4 4 9 7 . 5 2
189
A P P E N D I X  C
RUN NUMBER 6 5 . 0
CVERALL PEAT TRANS. COEFF. U = 2 5 . 1 9
CVERALL FT .  OF TRANS. UNIT ,  HTUQD = 1 . 9 5
VOLUMETRIC HEAT TRANS COEFF, UVOL = 2 0 5 8 . 9C
RATE CF HEAT TRANSFER, Q = 2 3 4 6 0 . 5 7
DRCP DIAMETER IN FT.  = 0 . 0 2 1 0
INTERFACIAL CONTACT AREA = 4 1 . 4 4
FRACTIONAL HCLDUP = 0 . 2 8 6 4
PASS VELOCITY OF OIL = 8C04.1
VELOCITY CF O I L ,  FT/SEC = 0 . 1 7
PASS VELCCITY CF WATER = 1 2 6 2 0 .5
VELOCITY CF WATER, FT/SEC = 0 . 0 7 9 8
RELATIVE VELOCITY CF OIL TO WATER = 0 . 2 4 6 9
CENTRAL COLUMN HEAT TRANS COEFF = 3C .1 5
CENTRAL COLUMN HTU = 1 . 6 3
COL. SECTION WATER TEMP AT OIL  TEMP AT U FOR
NUMBER SECT 8CTT0M SECT BOTTOM SECTION
1 1 0 6 .3 4 15 5 .1 2 1 0 . 9 0
2 10 4 .9 0 1 5 0 . 5 7 5 .9 4
3 10 4 .5 4 149.A3 10 2 .3 7
4 9 8 . 9 6 13 1 .7 9 4 0 . 6 4
5 96 .  80 1 2 4 . 9 6 39.  03
6 9 5 . 1 8 1 1 9 .8 3 2 2 . 9 0
7 9 4 . 2 8 1 1 6 .9 9 2 1 . 1 1
8 9 3 . 5 6 114 .71 9 .  56
9 9 3 . 2 0 1 1 3 .5 7 44 .  06
10 • 9 1 . 9 4 1C 9 . 5 9 23 .  93
11 9 1 . 2 2 107.31 1 7 .5 6
12 9 0 . 8 6 10 6 .1 7 1 2 .0 6
13 9 0 .  50 10 5 .0 4 24.  37
14 8 9 . 9 6 10 3 .3 3 4 9 . 1 8
15 8 8 . 8 8 9 9 . 9 1 33 .  79
16 88 .  34 9 0 . 2 1 1 0 .4 4
17 8 8 . 1 6 9 7 . 6 4 10 .81
18 8 8 . 0 C 97 .  13 1 0 .0 1
19 8 7 .8 5 9 6 . 6 6 17 .88
20 8 7 . 6 9 9 5 . 8 7 7 . 8  4
8 7 . 4 4 95 .  36
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A P P E N C I  X C
RUN NUMBER 6 £ . 0
CVERALL HEAT TRANS. COEFF. U = 3 0 . 4 8
CVERALL HT. OF TRANS. UNIT ,  HTUOD = 2 . 2 6
VOLliMETR IC HEAT TRANS CCEFF, UVOL = 2 2 0 9 . 9 0
RATE CF HEAT TRANSFER, Q = 15 788 .33
CRCP DIAMETER IN FT. = 0 . 0 1 9 0
INTERFACIAL CONTACT AREA = 3 6 . 7 6
F R A C T I ON A L  HOLDUP = 0 . 2 2 9 4
PASS VELOCITY CF C IL  = 9 9 7 9 . 7
VELOCITY CF O I L ,  FT/SEC = 0 . 2 6
PASS VELOCITY OF WATER = 2 5 2 5 . 5
VELOCITY CF WATER, FT/SEC = 0 .C 1 48
RELATIVE VELOCITY CF OIL TC WATER = 0 . 2 7 7 9
CENTRAL COLUMN HEAT TRANS COEFF = 3 1 . e5
CENTRAL COLUMN HTU = 2 .2 1
COL. SECTION WATER TEMP AT CIL TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECTION
1 1 4 9 .7 2 1 5 3 .3 2 1 5 .0 7
2 1 4 9 . DO 1 5 2 .9 6 14.  77
3 14 8 .6 4 15 2 . 7 8 4 7 . 2 3
4 14 7 .3 0 15 2 .11 3 9 . 9 5
5 1 4 5 . 7C 15 1 .3 1 4 0 . 9 1
6 1 4 4 . CC 15 0 .4 7 4 3 . 4 3
7 14 1 . 8 0 14 9 .3 7 3 3 . 2 3
8 14 0 . 0 0 1 4 8 .4 7 4 4 . 4 4
9 1 3 6 .7 6 1 4 6 .8 6 3 5 . 9 6
10 13 4 . 2 4 14 5 .6 0 1 6 .9 2
11 13 2 .7 0 14 4 .8 3 1 9 .0 6
12 1 3 1 .3 6 1 4 4 .1 6 3 0 .4 7
13 1 2 7 .7 6 1 4 2 . 3 7 2 9 . 0 2
14 12 4 . 7 0 14 0 .8 4 24 . 54
15 12 1 . 4 6 139 .2 2 2 5 .0 4
16 11U.4C 1 3 7 .7 0 26.  54
17 11 4 . 2 6 13 5 .6 3 7 .8 0
18 11 3 . 1 0 13 5 . 0 6 2 7 . 6 2
19 108.  5 0 13 2 .7 6 14. 29
20 10 5 . 9 8 1 3 1 . 5 0 6 3 .2 8
8 4 . 9 2 12 l .CO
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A P P E N D I X  C
RUN NUMBER 6 7 . 0
CVERALL HEAT TRANS. COEFF. U = 29 .81
CVERALL FT.  CF TRANS. UNIT,  HTUOD = 2 .0 1
VOLUFETRIC HEAT TRANS CCEFF, UVOL = 248 C .76
RATE CF FEAT TRANSFER* Q = 2 1 2 3 2 . 0 0
DRCP DIAMETER IN FT.  = 0 . 0 2 1 4
INTERFACIAL CCNT ACT AREA = 4 2 . 1 9
FRACTIONAL HCLDUP = 0 . 2 9 7 5
PASS VELCCITY OF OIL  = 
VELOCITY CF O IL ,  FT/SEC =
PASS VELCCITY CF WATER = 
VELCCITY CF WATER, FT/SEC =
9 9 7 9 . 7
0 . 2 0
5C49.8  
0 . 0  324
RELATIVE VELOCITY CF OIL TO WATER = 
CENTRAL CCLUFN HEAT TRANS COEFF = 
CENTRAL COLUMN HTU = 1 .8 6
0 . 2 3 4 1  
39 .  70
COL. SECTICN WATER TEFP AT OIL TEMP AT U FOR
NUMBER SECT BOTTOM SECT BOTTOM SECT 10
1 1 3 8 . 5 6 15 1 . 3 4 9 .  58
2 13 7 . 4 8 15 0 .4 4 9 . 9 6
3 13 6 . 9 4 1 5 0 . 0 0 8 1 . 9 6
4 1 3 2 . ce 14 5 .9 7 33 .  37
5 12 9 . 5 6 14 3 .8 8 5 8 . 7 9
6 12 5 . 4 ? 14 0 .4 5 3 7 . 3 2
7 1 2 2 .5 4 i  3 8 . 0 6 2 6 . 6 7
8 12 0 . 5 6 13 6 .4 2 3 2 . 4 4
9 11 7 . 6 8 1 3 4 .0 4 3 0 .8 4
10 11 5 . 3 4 1 3 2 . 1 0 2 7 . 3 0
11 11 2 .8 2 13 0 . 0 1 26 .  2C
12 11 1 . 0 2 12 8 .5 2 2 5 . 0 9
13 10 8 .3 2 126 .28 3 0 . 7 4
14 10 5 . 6 2 12 4 .0 4 2 6 . 3 7
15 10 2 . 9 2 12 1 .8 0 2 8 . 3 8
16 1C0.4C 11 9 .7 1 22 .  15
17 9 8 . 0 6 11 7 . 7 7 13 .13
18 96 .  80 11 6 .7 3 10.  60
19 9 5 . 7 2 11 5 . 8 4 1 4 . 2 6
20 9 4 . 2 8 114 .64 5 1 . 1 4
8 6 . 0 0 1 C 7 . 73
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A P P E N D I X  C
RUN NUMBER 6 8 . 0
CVERALL EE AT T R A N S.  C O E F F .  U = 3 1 . 1 8
CVERALL H T .  OF T R A N S .  U N I T ,  HTUOD = 1 . 9 0
V O L U ME T R I C HEAT TRANS C O EF F ,  UVOL = 2 6 1 4 . 4 1
RATE CF HEAT TRA N SF E R ,  C = 2 4 9 7 9 . 4 4
CRCP D I A M E T E R I N  F T .  = 0 . 0 2 2 1
I N T E R F A C I A L  CONTACT / R E A  =
F R A C T I ON A L  HCLCUP = 0 . 3 0 8 5
4 2 . 5 1
PASS V F L C C I T Y  OF O I L  = 
V E L C C I T Y  CF O I L ,  F T / S E C  =
PASS V E L C C I T Y  CF WATER = 
V E L C C I T Y  CF WATER,  F T / S E C  =
9 9 7 9 . 7
0 . 1 9
7 5 7 3 . 5
0 . C 4 9 4
R E L A T I V E  V E L C C I T Y  CF O I L  TC WATER = 
CENTRAL CCLUMN HEAT TRANS COEFF =
0 . 2 4 3 1
3 5 . 1 4
CENTRAL COLUMN HTU = 1 . 8 5
C O L .  S EC T I ON WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BOTTOP. SECT BOTTOM S E C T I ON
1 1 2 3 . 2 6 1 5 0 . 4 4 8 . 9 7
2 1 2 2 .  CO 1 4 8 . 6 7 4 7 . 2 9
3 1 1 8 . 9 4 1 4 4 . 3 7 4 8 . 0 6
4 1 1 5 . ec 1 3 9 . 9 7 5 3 . 4 4
5 1 1 1 . E C 1 3 4 . 3 5 5 5 . 2 2
6 1 0 8 . 3 2 1 2 9 . 4 7 2 2 .  7C
7 1 0 6 . 8 8 1 2 7 . 4 4 3 4 . 4 9
8 1 0 4 . 9 0 1 2 4 . 6 6 4 8 .  11
9 1 0 1 . 8 4 1 2 C . 3 7 2 8 . 5 1
10 * 1 0 0 . 4 0 1 1 8 . 3 5 3 1 . 1 6
11 9 8 . 6 0 1 1 5 . 8 2 1 3 .  18
12 9 8 . 0 6 1 1 5 . 0 6 2 9 .  51
13 9 6 . 2 6 1 1 2 . 5 3 2 6 . 9 6
14 9 5 . 0 0 1 1 0 . 7 6 2 0 .  96
15 9 3 . 9 2 1 C 9 . 2 5 2 1 . 1 8
16 9 3 . 0 2 1 0 7 . 9 8 2 6 .  24
17 9 1 . 7 6 1 C 6 . 2 2 2 1 . 6 0
18 9 0 . 8 6 1 C 4 . 9 5 1 2 . 5 9
19 9 0 .  32 1C 4 . 19 8 . 6 7
20 8 9 . 9  6 10 3 . 6 9 5 3 .  56
8 6 . 7 2 9 9 .  14
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A P P E N D I X  C
RUN NUMBER 6 9 . 0
OVERALL HEAT T R A N S .  C O E F F .  U = 2 5 . 7 6
CVERALL F T .  OF T R A N S.  U N I T ,  HTUOD = 2 . 0 7
VOLUP E T R I C  HEAT TRANS C O E FF ,  UVOL = 2 4 0 3 . 1 9
RATE CF FEAT T R A N S F E R ,  Q = 2 6 2 3 2 . 9 3
CRCP DIAPETE.R I N  F T .  = 0 . 0 2 2 6
I N T E R F A C I A L  CONTACT AREA = 4 7 . 2 9
F R A C T I O N A L  HOLDUP = 0 . 3 5 1 3
PASS V E L C C I T Y  CF C I L  = 
V E L C C I T Y  CF C I L ,  F T / S E C  =
PASS V E L C C I T Y  OF WATER = 
V E L C C I T Y  OF WATER,  F T / S E C  =
9 9 7 9 . 7  
G . 1 7
1 0 0 9 7 . 6
0 . C 7 0 2
R E L A T I V E  V E L O C I T Y  OF O I L  TO WATER = 
CENTRAL COLUMN HEAT TRANS COEFF = 
CENTRAL CCLUPN HTU = 2 . 0 6
0 . 2 4 0  2 
2 5 . 9 2
COL.  S E C T I O N WATER TEPP AT O I L  TEMP AT U FOR
NUPBER SECT RC7TCP SECT 8 0 T T 0 P S E C T I O N
1 1 1 3 . 1 8 1 5 1 . 3 4 3 3 . 0 4
2 1 0 8 . 5 0 1 4 1 . 7 6 1 2 . 7 6
3 1 0 7 . 7 0 1 4 0 .  12 6 . 1 5
4 1 0 7 . 3C 1 3 9 . 3C 3 .  85
5 1 C 7 . C 0 1 3 8 . 6 8 2 .  89
6 1 C 6 . 8 0 1 3 8 . 2 7 4 . 1 7
7 1 0 6 . 5 0 1 3 7 . 6 6 3 9 . 0 4
B 1 0 4 . CC 1 3 2 . 5 4 9 6 .  71
9 9 7 . 8 0 1 2 0 . C l 3 6 .  05
10 ' 9 6 . 2 6 1 1 6 . 6 9 4 8 .  5 9
11 9 3 . 9 2 1 1 1 . 9 0 2 2 .  30
12 9 3 .  20 1 1 0 . 4 2 2 7 . 0 7
13 9 1 . 9 4 1C 7 . 8 4 2 0 .  7 3
14 9 1 . 2 2 1 C 6 . 37 3 4 .  24
15 8 9 . 5 6 1 0 3 . 7 9 5 . 4 1
16 8 9 .  8C 1C 3 . 4 6 5 . 9 0
17 8 9 . 6 0 1C 3 . 0 5 1 2 . 1 5
I B 8 9 .  24 10 2 . 3 1 2 4 .  ] 7
19 8 8 . 5 2 I C C . 8 4 4 . 2 5
2 0 8 8 . 4 0 I C C . 5 9 3 7 .  16
8 6 . 9 0 9 7 .  52
19*+
A P P E N D I X  C
BUN NUMBER 7C . 0
CVERALL PEAT T R A N S .  C O E F F .  U -  1 4 . 1 4
CVERALL F T .  OF T R A N S.  U N I T ,  HTUOD = 2 . 3 9
VOL UMET RI C HEAT TRANS C O E FF ,  UVOL = 2 0 9 2 . 8 7
RATE OF FEAT TRANSFER,  Q = 2 6 4 5 C . 9 7
CRCP D I AM E T E R  I N F T .  = 0 . 0 2 0 8
I N T E R F A C I A L  CONTACT AREA = 7 5 . 0 4
F R A C T I O N A L  HCLCUP = 0 . 5 1 2 7
MASS V E L C C I T Y  OF O I L  = 
V E L C C I T Y  CF O I L ,  F T / S E C  =
MASS V E L C C I T Y  CF WATER = 
V E L O C I T Y  CF WATER,  F T / S E C  =
9 9 7 9 . 7
0 . 1 2
1 2 6 2 1 . 5  
0 . 1 1 6 9
R E L A T I V E  V E L O C I T Y  CF O I L  TO WATER = 
CENTRAL COLUMN HEAT TRANS COEFF =
0 . 2 3 3 4
1 3 . 2 5
CENTRAL COLUMN HTU = 2 . 3 5
C OL .  SECT I CN WATER TEMP AT O I L  TEMP AT U FOR
NUMBER SECT BCTTOM SECT BOTTOM S E C T I ON
1 1 0 6 . 7 0 1 5 2 . 7 8 7 .  18
2 1 0 5 . 2 0 1 4 8 . 6 4 1 2 . 7 0
3 1 0 4 . CO 1 4 5 . 3 2 5 .  18
4 1 0 3 . 5 0 1 4 3 . 9 4 4 .  36
5 1 0 3 . 0 0 1 4 2 . 5 6 1 0 . 0 8
6 1 0 2 . CO 1 3 9 . 8 0 2 0 . 5 8
7 1 0 0 . CC 1 3 4 . 2 8 3 5 . 3 1
8 9 7 . 1 6 1 2 6 . 4 4 3 3 . 8 1
9 9 4 . 4 6 1 1 8 . 9 3 2 1 . 6 4
10 9 3 . 2 0 1 1 5 . 5 0 2 3 .  16
11 9 1 . 7 6 1 1 1 . 5 2 8 . 5 7
12 9 1 . 4 0 1 1 0 . 5 3 2 1 . 1 6
13 9 0 .  14 1C 7 . 0 5 0 . 0 0
14 9 0 . 1 4 1 0 7 . 0 5 0 . 0 0
15 9 0 .  14 10 7 . C5 0 . 0 0
16 9 0 .  14 1 0 7 . 0 5 1 9 . 0 5
17 8 9 .  24 1 0 4 . 5 6 9 .  14
18 e a . e n 10 3 . 5 7 4 . 4 9
19 8 8 . 7 0 1 0 3 . C7 4 . 6 8
2 0 8 8 . 5 2 10 2 . 5 3 2 7 . 1 5
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ROTAMETER READING
APPENDIX E 
C al ib ra t ion  of Water Rotameter
APPENDIX F 
SOME PROPERTIES OF HUMBLETHERM 5 0 0 *
Thermal  S p e c i f i c
Temperature  S p e c i f i c  C o n d u c t i v i t y  Heat
( ° F )  G r a v i t y  (BTU/hr  f t ° F )  ( BT U/ lb ° F )
100 0.850  0.077  0.466
150 0 . 8 3 2  0 . 0 7 6  0 . ^ 9 0
200 0.816 0 . 07*+ 0 . 5^5
^Taken f rom Reference  Number 11.
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V i scos i t y  
(Cent  i p o i se s )




DATA OF GARWIN AND SMITH10 
(USED TO PLOT FIGURE 36)
Run
Number
UB/ UW HTUod HTU ./D oa
39 14.85 1.53 62.1
40 10.40 1.58 6 0 . 2
41 6 . 2 7 1 .36 6 2 . 2
42 4 . 5 2 1.41 5 5 - 6
43 3 .2 7 1.23 4 9 . 2
44 2 . 5 6 1 .19 4 7 . 4
45 15.32 1.43 5 6 . 3
46 9 -73 1.42 5 9 . 2
47 5 . 9 8 1.26 5 1 . 2
48 4 . 2 3 1 .26 5 0 . 6
49 2 . 7 9 1.15 4 6 . 4
50 2 . 0 5 0 . 8 2 3 3 . 4
51 11.65 1-39 5 5 . 4
52 8 . 0 3 1.20 4 9 . 8
53 4 . 9 8 1. 14 4 7 . 3
54 3 . 1 3 0 . 8 8 3 7 . 0
55 1 .80 0 . 7 5 3 2 . 5
56 f 0 . 6 1 7 0 . 7 9 3 2 . 5
57 8 . 7 3 1.03 5 0 . 3
58 5 . 7 4 0 . 9 7 4 8 . 2
59 2 . 6 6 0 .9 5 4 5 . 5
60f 0 .8 4 5 0 . 7 4 3 6 . 4
61 8 . 3 2 1 .08 5 8 . 9
62 4 . 9 3 0 . 8 4 4 0 . 7
63 0 .9 5 2 0 . 7 4 3 5 . 9
64 6 . 0 9 1 .04 5 4 . 2
65 f 0 . 7 2 8 0 . 6 4 32.1
Ug *  Benzene V e l o c i t y  ( D i spersed  Phase)  
uw = Water  Ve l oc i  ty
Above data  was taken or  c a l c u l a t e d  from American Documentat ion  
I n s t i t u t e  Document 4067 .
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